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Radio observations prove the existence of relativistic particles and magnetic field associated with the
intra-cluster-medium (ICM) through the presence of extended synchrotron emission in the form of
radio halos and peripheral relics. This observational evidence has fundamental implications on the
physics of the ICM. Non-thermal components in galaxy clusters are indeed unique probes of very
energetic processes operating within clusters that drain gravitational and electromagnetic energy into
cosmic rays and magnetic fields. These components strongly affect the (micro-)physical properties of
the ICM, including viscosity and electrical conductivities, and have also potential consequences on the
evolution of clusters themselves. The nature and properties of cosmic rays in galaxy clusters, including
the origin of the observed radio emission on cluster-scales, have triggered an active theoretical debate
in the last decade. Only recently we can start addressing some of the most important questions in this
field, thanks to recent observational advances, both in the radio and at high energies. The properties
of cosmic rays and of cluster non-thermal emissions depend on the dynamical state of the ICM, the
efficiency of particle acceleration mechanisms in the ICM and on the dynamics of these cosmic rays.
In this review we discuss in some detail the acceleration and transport of cosmic rays in galaxy clusters
and the most relevant observational milestones that have provided important steps on our understand-
ing of this physics. Finally, looking forward to the possibilities from new generations of observational
tools, we focus on what appear to be the most important prospects for the near future from radio and
high-energy observations.
Keywords: Galaxies: clusters: general; Radiation mechanisms: non-thermal; Acceleration of particles.
PACS numbers: 95.30.Cq; 95.30.Gv; 95.30.Qd; 98.65.Cw; 98.65.Fz; 98.65.Hb
1. Introduction
Clusters of galaxies and the filaments that connect them are the largest structures in the
present universe in which the gravitational force due to the matter overdensity overcomes
the expansion of the universe. Massive clusters have typical total masses of the order of
1015M, mostly in the form of dark matter (∼ 70− 80% of the total mass), while bary-
onic matter is in the form of galaxies (∼ few%) and especially in the form of a hot
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(T ∼ 108K) and tenuous (ngas ∼ 10−1− 10−4cm−3) gas (∼ 15− 20%), the intra-cluster-
medium (ICM)1, 2 (Figure 1). That ICM emits thermal X-rays, mostly via bremsstrahlung
radiation, and also Compton-scatters the photons of the cosmic microwave background,
leaving an imprint in the mm-wavelengths band that provides information complemen-
tary to the X-rays6 (Figure 1). In the current paradigm of structure formation, clusters are
thought to form via a hierarchical sequence of mergers and accretion of smaller systems
driven by dark matter that dominates the gravitational field. Mergers, the most energetic
phenomena since the Big Bang, dissipate up to 1063−1064ergs during one cluster crossing
time (∼ Gyr). This energy is dissipated primarily at shocks into heating of the gas to high
temperature, but also through large-scale ICM motions.2, 7, 8 Galaxy clusters are therefore
veritable crossroads of cosmology and astrophysics; on one hand they probe the physics
that governs the dynamics of the large-scale structure in the Universe, while on the other
hand they are laboratories to study the processes of dissipation of the gravitational energy
at smaller scales. In particular, a fraction of the energy that is dissipated during the hierar-
chical sequence of matter accretion can be channeled into non-thermal plasma components,
i.e., relativistic particles (cosmic rays, or “CRs”) and magnetic fields in the ICM. Relativis-
tic particles in the ICM are the main subject of our review.
The evidence for non-thermal particles in the ICM is routinely obtained from a variety
of radio observations that detect diffuse synchrotron radiation from the ICM (Figure 1).
They also open fundamental questions of their origins as well as their impact on both the
physics of the ICM and the evolution of galaxy clusters more broadly.9 Cosmological shock
waves and turbulence driven in the ICM during the process of hierarchical cluster forma-
tion are obvious potential accelerators of cosmic ray electrons (CRe) and protons (hadrons
or CRp).10–15 In addition, clusters host other accelerators of CRs, ranging from ordinary
galaxies (especially as a byproduct of star formation) to active galaxies (AGN)16–19 and,
potentially, regions of magnetic reconnection.20 The long lifetimes of CRp (and/or nuclei)
against energy losses in the ICM and their likely slow diffusive propagation through the dis-
ordered ICM magnetic field, together with the large size of galaxy clusters, make clusters
efficient storehouses for the hadronic component of CRs produced within their volume or
within the individual subunits that later merged to make each cluster.16–18 The consequent
accumulation of CRs inside clusters occurs over cosmological times, with the potential
implication that a non-negligible amount of the ICM energy could be in the form of rel-
ativistic, non-thermal particles. An important result of trapped CRp above a few hundred
MeV kinetic energy is that they will necessarily produce secondary pions (and their decay
products, including e± and γ-rays) through inelastic collisions with thermal target-protons.
Consequently, they can be traced and/or constrained by secondary-particle-generated radio
and γ-ray emission.16, 17, 19, 21–25
The most direct way to pin-point CRp in galaxy clusters is through the detection of γ-ray
emission generated by the decay of secondary pi0 particles. However to date, despite the
advent of the orbiting Fermi-LAT and deep observations from ground-based Cherenkov
arrays, no ICM has been firmly detected in the γ-rays.26–33 Cluster γ-ray upper limits,
together with several constraints from complementary approaches based on radio observa-
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Fig. 1. Multi-frequency view of the Coma cluster: the thermal ICM emitting in the X-rays (top left, adapted
from3), the overlay between thermal SZ signal (colors) and X-rays (contours) (top right, adapted from4), the
optical emission from the galaxies in the central region of the cluster (bottom left, from Sloan Digital Sky Sur-
vey, credits NASA/JPL-Caltech/ L.Jenkins (GSFC)), and the synchrotron (radio halo) radio emission (contours)
overlaied on the thermal X-rays (colors) (bottom right, adapted from5).
tions34–36 suggest that the energy in the form of CRp is less than roughly a percent of the
thermal energy of the ICM, at least if we consider the central Mpc–size region. This result
contradicts several optimistic expectations derived in the last decades, based mostly on es-
timates for CRp production in structure formation shocks, and poses important constraints
on the efficiency of CRp acceleration and transport in galaxy clusters.
On the other hand, the existence of CRe and magnetic fields in the ICM of many clusters
is in fact demonstrated by radio observations. CRe are indeed very well traced to the ICM
of clusters through their radio emission. Cluster-scale (∼ Mpc-scale) diffuse synchrotron
emission is frequently found in merging galaxy clusters. It appears in the form of so-called
giant radio halos, apparently unpolarized synchrotron emission associated with the cluster
X-ray emitting regions, and giant radio relics, elongated and often highly polarized syn-
chrotron sources typically seen in the clusters’ peripheral regions with linear extents some-
times exceeding ∼ Mpc.37, 38 The locations, polarisation and morphological properties of
radio relics suggest a connection with large scale shocks that cross the ICM during merg-
ers and that may accelerate locally injected electrons or re-accelerate pre-existing energetic
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electrons to energies where they emit observable synchrotron emission.39, 40 Electrons re-
sponsible for giant radio halo emissions, on the other hand, require virtually cluster-wide
generation, as we outline below. There are good reasons to believe that radio halos trace
gigantic turbulent regions in the ICM, where relativistic electrons can be re-accelerated
through scattering with MHD turbulence and/or injected by way of inelastic collisions be-
tween trapped CRp and thermal protons.25, 40, 41 As we will discuss in this review, one of
the most interesting consequences of the present theoretical scenario for CRe production
in clusters is that cluster-scale radio emission should be more common than presently seen,
especially at lower radio frequencies. Specifically, we may expect to find many more clus-
ters through radio emission in the frequency range that will be explored in the next few
years by the new generation of low frequency radio telescopes, such as LOFARa, MWAb
and LWAc. Another important consequence of current ICM CR models is that, despite a
current dearth of detections, clusters should be sources of high energy photons at a level
that could be detectable by the next generation of X-ray and γ-ray telescopes. Successful,
firm detection of galaxy clusters in the hard X-rays and in γ-rays would lead to a funda-
mental leap forward in our understanding, as it will provide a unique way to measure the
energy content of magnetic fields, as well as CRe and CRp in cosmic large scale structure.
Since it seems likely that radio halos and relics are signposts of the dissipation of gravita-
tional energy into non-thermal components and emission, they can also be used as valuable
(indirect) probes of the merging rate of clusters at different cosmic epochs.14, 42 In this
respect the upcoming radio surveys both at lower and higher radio frequencies, with LO-
FAR, MWA, and ASKAPd, and on longer time-scales with the SKAe, have the potential to
provide important complementary data for cosmological studies.
Diffuse synchrotron radio emission on smaller scales, ∼ 100− 300 kpc, known as radio
mini-halos, is also found at the centers of relatively relaxed clusters with cool cores.37, 38
The existence of mini halos indicates that mechanisms other than major cluster-cluster
mergers can power non-thermal emission in the ICM. As we will discuss in this review,
also in this case, gravity is likely to provide the ultimate energy reservoir to power the
non-thermal emission, potentially extracted, for example, from the sloshing of the gas in
response to motions of dark matter cores in and near the cluster. However, AGNs that
are usually found at the center of these sources and also frequently distributed over larger
cluster volumes may be players. In addition, at the present time any relationships between
mini and giant halos are still poorly defined.
Starting from this background, the goals of this review are to discuss the most rele-
vant aspects of the origin and physics of CRs and non-thermal emission in galaxy clus-
ters and to elaborate on the present theoretical framework. We will place emphasis on the
most important current observational constraints, along with the observational prospects
for the near future. In Sect.2 we will discuss the physics of CRs acceleration by different
ahttp://www.lofar.org/
bhttp://www.mwatelescope.org/
chttp://www.phys.unm.edu/ lwa/
dhttp://www.atnf.csiro.au/projects/askap/
ewww.skatelescope.org
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sources/mechanisms, whereas in Sect.3 we will discuss the relevant energy losses and the
dynamics of CRs in the ICM. In Sect.4 we will discuss the most important observational
properties of diffuse radio sources in galaxy clusters, their origin and the main prospects
for the near future. Specifically giant radio halos, mini halos and relics are discussed in
Sects. 4.2, 4.3, and 4.4, respectively, whereas in Sect. 4.1 we will briefly discuss current
observational constraints on the magnetic field in the ICM. In Sect. 5 we will discuss cur-
rent observational constraints on the high-energy emission from galaxy clusters, the most
relevant theoretical aspects and prospects for the near future. Sect. 6 provides our Summary.
2. Cosmic ray sources and acceleration
Consensus has been reached in the past decade that shocks produced during the hierarchical
formation of the large scale structure in the universe are likely sources of CRs in galaxy
clusters,10, 13, 43 thus implying a direct connection between the generation of CRs and the
formation and evolution of the hosting clusters. Similarly, there is consensus on the fact
that turbulence can be induced in the ICM as a result of the same processes of clusters
formation and that such turbulence affects the propagation of CRs, while also providing a
potentially important mechanism for re-acceleration of CRp and CRe.14, 44–46
Several additional sources can supply (inject) relativistic particle populations (electrons,
hadrons or both) into the ICM. For instance, particles can be accelerated in ordinary galax-
ies as an outcome of supernovae (SN) and then expelled into the ICM with a CRp luminos-
ity as high as ∼ 3× 1042erg s−1.16 Alternatively, high velocity outflows from AGNs may
plausibly contribute up to ∼ 1045erg s−1 in CRs over periods of ∼ 108 years.18
2.1. Galaxies, Starbursts and Active Nuclei
Individual normal galaxies are certainly sources of CRs as a consequent of current and past
star formation. Massive clusters of galaxies contain more than a hundred galaxies where SN
and pulsars accelerate CRs. The efficiency of CR acceleration at these sites is constrained
from complementary observations of Galactic sources. However, the amount of CR energy
available to the ICM depends also on the way these CRs are transported from their galactic
sources into the ICM.
Voelk et al. 199616 pioneered the studies of the role of SN explosions, including starbursts,
in cluster galaxies. The number of SNe experienced by a typical cluster since its formation
epoch, NSN , can be estimated from the metal enrichment of the ICM, assuming those metals
are released by SNe. This gives a total energy budget in the form of CRp :
ESNCR = NSNη
SN
CR ESN ≤
[Fe]XclMcl,gas
δMFe
ESNηSNCR (1)
where [Fe]XclMcl,gas is the mass of iron in the ICM ([Fe] ∼ 4/105 is the iron abundance,
Xcl ∼ 0.35 the typical metallicity measured in galaxy clusters, and Mcl,gas the baryon mass
of the cluster), δMFe is the iron mass available to the ICM from a single SN explosion,
ESN ∼ 1051erg is the SN kinetic energy and ηSNCR is the fraction of SN kinetic energy in
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the form of CRp; ηSNCR ∼ 0.2− 0.3 is constrained from observations of SN in the Galaxy.
Note that the efficiency for acceleration of CRe in SNRs is apparently several orders of
magnitude smaller than for CRp.47, 48 Eq.1 implies a ratio between the CRp and thermal
energy budget in galaxy clusters ESNCR/Egas ∼ 10−3, assuming δMFe ∼ 0.1M (appropriate
for type II SN) and Tgas ∼ 108K. This is an optimistic estimate of the expected energy
content of CRp in galaxy clusters from this source, because it does not account for adiabatic
losses in the likely event that CRp from SN are transported into the ICM by SN-driven
galactic winds.
On the other hand, clusters of galaxies contain AGNs, which, by way of their
synchrotron-emitting jets and radio lobes, are known to carry CRe.49 The majority of cool-
core clusters contain central, dominant galaxies that are radio loud.50–52 The radio lobes
of these AGNs are seen frequently to coincide with X-ray dark volumes (“cavities”) that
have turned out to be the best calorimeters of the total energy deposited by AGN outflows.
The cavities, being filled with relativistic and some amount of very hot thermal plasma at
substantially lower density than their surroundings, are poor thermal X-ray emitters. Such
cavities have been seen in something like 1/4 of the clusters observed by Chandra,53 de-
spite the fact that they often exhibit low contrast. From an assumption of pressure balance
between the cavity and the surrounding ICM the cavity energy contents have been esti-
mated generally in the range∼ 1055−1061erg.53, 54 These approach∼ 1%Egas for an entire
ICM in some cases. Dynamical estimates of cavity lifetimes are typically ∼ 107− 108yr,
roughly representing buoyancy timescales. These lead to AGN power deposition estimates
within an order of magnitude of the X-ray cooling rate of the host cluster,55 at least while
the AGN jets are active. The bubble forming duty cycles, estimated from the fraction of
cool-core clusters that harbor clear bubbles, range as high as 70%.56 Simulations suggest
that roughly 1/2 of the power of the AGN outflow is immediately deposited irreversibly
as ICM heat through shocks and entrainment.57 These may also drive ICM turbulence that
would contribute to CR acceleration and to the dynamics of CRs (Sects. 2.2.2, 3.2). Given
their large energy inputs, AGN outflows are widely invoked to account for heating needed
to limit the effects of strong radiative cooling in cluster cores, e.g.53, 54, 58 So, the total
energy deposition into the ICM by AGNs is likely to be substantial.
However, the energy in CRe and CRp is harder to establish in radio lobes of cluster radio
galaxies. In a few cases the absence of observed inverse Compton X-rays has been used
to establish that most of the energy filling the radio lobes must be in some form other
than radiating electrons,59 although CRe energy fractions as high as 10% are not ruled out.
Meaningful CRp energy content estimates in the lobes do not exist at present, although
recent detailed comparisons of internal-lobe and external pressure suggest that models in
which CRp transported by the jet dominate lobe energetics are unlikely.60 Remarkably,
various theoretical arguments have been made suggesting that much of the direct energy
flux in AGN jets is carried by cold, non-radiating particles or electromagnetic fields.61
Even if much of the energy filling the cavities is carried by CRs, it is not yet clear how
efficiently those CRs can be dispersed through diffusion and convective/turbulent mixing
over the full cluster volume, and how much of the energy would remain in CRs, after
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accounting for adiabatic and other energy losses. Large scale magnetic fields, for instance,
can help confine lobe contents.62–64 A connected problem that will be discussed in Sect.4.3
is the possible role of relativistic outflows from the central AGNs in the origin of radio mini
halos in cool core clusters.
While most discussions of AGN energy deposition in clusters have focused on central,
dominant galaxies, there are other populations of AGNs in clusters that could contribute to
the CR population, either directly or indirectly. Low luminosity AGNs are quite commonly
distributed throughout clusters. Stocke et al.65 have argued, in fact, that virtually all bright
red sequence galaxies in rich clusters are likely to be low-luminosity blazars with relativis-
tic jets that could collectively dominate AGN energy inputs to the ICM. In that case their
CR outputs would be more easily distributed across the cluster by way of ICM turbulence
and large scale “weather” (e.g., sloshing). In addition, tailed radio galaxies, quite common
and widely distributed in both relaxed and merging clusters, show clear evidence of strong
interactions with the ICM that includes entrainment and the generation of turbulence.66, 67
Fig. 2. Projection of matter density for a volume of size 187 Mpc/h simulated with ENZO AMR (velocity and
density refinement technique) with peak spatial resolution 25 kpc/h. The two panels on the left are 8x8x2 Mpc/h
zooms of the central region showing the projected density (top-left) and the kinetic energy-flux (bottom-left). The
two panels on the right are 8x8x0.025 Mpc/h zooms of the same region showing the temperature distribution (top-
right) and the overlay of shock map and turbulent velocity-vectors (obtained with a filtering of laminar motions
on 300 kpc scale). Images are obtained at z = 0.6 from simulations presented in.79
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2.2. Particle acceleration in the ICM
The current prevailing view is that the process of structure formation may contribute di-
rectly and indirectly most of the energetics of non-thermal components (CRs, magnetic
fields and turbulence) in galaxy clusters.8, 11, 13, 14, 23, 25, 39, 44, 45, 68–76 Mergers between two
or more clusters are observed to heat clusters through shocks.77, 78 Although more difficult
to constrain observationally, the additional process of semi-continuous accretion of mate-
rial onto clusters, especially from colder filaments, is expected to drive quasi-stationary,
strong shocks and turbulent flows at Mpc distances from cluster centers that should impact
on the ICM physics and acceleration of CRs over wide volumes.
Particle acceleration during mergers should occur at shock waves that are driven to cross
the ICM. Particle acceleration is also expected to result from several mechanisms that may
operate within turbulent regions also driven in the ICM during these mergers (e.g., turbulent
acceleration and magnetic reconnection, etc).20 The intricate pattern of shocks and large-
scale turbulent motions and their interplay is still difficult to establish observationally, but
can be traced in some detail by cosmological simulations of galaxy cluster formation. Fig.2
provides a view of the complex dynamics of the ICM as seen in simulations. In particular, a
complex pattern of strong and weak shocks is naturally driven in the ICM, largely by gravity
variations reflecting dark matter dynamics (Sect. 2.2.1). This shock distribution, where
most of the kinetic energy flux is dissipated within clusters, is morphologically correlated
to some extent with the distribution of the turbulent motions in the ICM, that are, indeed,
partly driven by those shocks (Sect. 2.2.2). In the following we will focus on the physics
of shocks and particle acceleration at shocks (Sect. 2.2.1), and on the physics of turbulence
and turbulent acceleration in galaxy clusters (Sect. 2.2.2).
2.2.1. Shocks in galaxy clusters as CRs accelerators
The total gravitational energy dissipated by baryonic matter in a merger of two clusters
with roughly equal mass, M = 1015M, is E ≈ 1064 erg. With the assumption that the
gaseous components of the initial clusters are at the associated virial temperatures, it is
easy to show that the merging components approach each other at slightly supersonic rel-
ative speed, therefore implying the formation of weak, M ∼ 2, shock waves.11, 70, 80 Those
shocks will typically strengthen moderately as they emerge into lower density and low
temperature regions outside the cluster cores. Additional, remote, accretion shocks that re-
sult from the continuous accretion of matter at several Mpc-distances from clusters center
(also called “external shocks” when they form due to the accretion of never-shocked gas),
are typically much stronger; that is, they have higher Mach numbers, since they develop
in cold, un-virialised external cluster regions. On the other hand, since gas densities are
also quite low in those environments, the energy available for dissipation through such
shocks is relatively smaller than through lower Mach number shocks that dissipate energy
in higher density regions closer to cluster centers during mergers. Simple (analytical or
semi-analytical) but accurate estimates of the amount of kinetic energy associated with ac-
cretion/external shocks are very challenging. A leap forward in understanding in this area,
however, has been achieved in the last decade through extensive cosmological simulations
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Fig. 3. Distribution of the energy flux at shocks surfaces as a function of the shock-Mach number from numer-
ical (cosmological) simulations (adapted from13). Units are in 1040 erg/s (1+ z)3h3Mpc−3. Shocks are divided
into internal and external categories. External shocks are defined as shocks forming when never-shocked, low-
density, gas accreted onto nonlinear structures, such as filaments etc. Internal shocks form within the regions
bounded by external shocks.
that allow one to study the formation of shocks in clusters, from their outskirts to more
internal regions with increasing detail.13, 71–73, 79, 81, 82
Figure 3 illustrates these points. It shows the kinetic energy flux through shock surfaces,
that is, 1/2ρV 3shS, measured in clusters formed during cosmological simulations. Here, ρ is
the upstream gas density, while Vsh and S are shock velocity and surface area, respectively.
The distribution of energy fluxes shows that most of the gravitational energy is dissipated at
relatively weak, “internal” (merger) shocks, with Mach number M ∼ 2−3. A modest frac-
tion of the kinetic energy-flux passes through related stronger internal-shocks developed
during merger activity as they propagate outwards after merging cores have their closest
approach. Figure 3 shows that only a few % of the energy flux is dissipated at strong,
“external” shocks.
If even a small percentage of the merger and accretion shock-dissipated energy can be
converted into non-thermal particles through a first order Fermi process, then the ICM
could be populated with an energetically significant population of non-thermal, CR parti-
cles.13, 25, 74, 81, 83, 84 This prospect has drawn considerable focus to potential consequences
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of shock generated CRs and the refinement of early estimates of CR production in ICMs.
2.2.1.1. Shock acceleration of CRs
The acceleration of CRs at shocks is customarily described according to the diffusive
shock acceleration (DSA) theory.85–88 In effect diffusing particles are temporarily trapped
in a converging flow across the shock if their scattering lengths across the shock are finite
but much greater than the shock thickness. Particles escape eventually by convection down-
stream. Until they do, they gain energy each time they are reflected upstream across the
shock, with a rate determined by the velocity change they encounter across the shock dis-
continuity and a competition between convection and diffusion on both sides of the shock.
The hardness (flatness) of the resulting spectrum reflects the balance between energy gain
and escape rates. In other words, it depends on the energy gain in each shock crossing
combined with the probability that particles remain trapped long enough to reach high
energies. Mathematically this balance can be conveniently described through the diffusion-
convection equation for a pitch angle averaged CRs distribution function f (p, t) in a com-
pressible flowf that is:87
∂ f
∂ t
+(V ·∇) f −∇ ·{nD(n ·∇) f}= 1
3
(∇ ·V)p∂ f
∂ p
(2)
where p is the modulus of the particle’s momentum, V is the velocity of the background
medium (assuming c >>V >>VA, with VA the Alfve´n velocity), while n is the unit vector
parallel to the local magnetic field, and D is the particle spatial diffusion coefficient (see
Sect. 2.2.2). The 2nd and 3rd terms account for convection and diffusion, respectively,
while the right hand side takes account of the adiabatic energy gains (losses) suffered by
particles in a converging (expanding) flow. As written, Eq.2 omits non adiabatic losses,
such as from radiation, that can be important especially for CRe (CRs energy losses are
discussed in Sect. 3.1), momentum diffusion and effects such as CR energy transfer to
wave amplification/dissipation (turbulent-CRs coupling is discussed in Sect. 2.2.2).
Under these conditions, if all particles are injected at low energies and “see” the same
velocity change across the shock, the steady state spectrum of test-particle CRs at a plane
shock is a power law in momentum, f (p) = K p−(δin j+2), where the slope is
δin j = 2
M2+1
M2−1 . (3)
M = Vsh/cs is the Mach number of the shock. For strong shocks, M→ ∞, this slope tends
to δin j → 2. Thus, in the strong shock limit, the energy and pressure in the resulting CRs
are broadly distributed towards the highest energies that are achieved. On the other hand,
for weak shocks, M2 ≈ 1+ ε with ε  1, this tends to δin j ≈ 2+ 4/ε  2. In this case
the fractional velocity jump across the shock is small, so the energy in CRs accelerated
f f is the number of CRs per unit phase-space volume, d3 pdV
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Fig. 4. Time evolution of the spectrum of protons accelerated from a Maxwellian upstream distribution at shocks
with Mach number 2 (left) and 30 (right) (adapted from95). The spectral slope predicted by (test-particle) DSA is
represented as a red-dashed line.
from suprathermal values is concentrated in the lowest energy CRs. That is, the CRs gain
relatively little energy before they escape downstream. Consequently, for the same number
of CRs and the same kinetic energy flux through the shock, ∼ ρV 3sh, the energy input to
locally injected CRs through DSA is much greater in strong shocks than in weak shocks.
As a consequence of this theory, it is apparent that even a modest injection of particles
at a strong shock can lead to a substantial fraction of the kinetic energy flux into strong,
initially purely hydrodynamical shocks going into CRs. Those, in turn backreact on and
modify the structure of the shocks themselves. Under these conditions the process of parti-
cle acceleration is described using nonlinear theory.86, 88–92 The main outcome of that de-
velopment is the formation of a compressive precursor to the shock, leading to an increase
in the total shock compression, upstream turbulence and magnetic field amplification, fol-
lowed by an actual weakening of the fluid shock transition (the so-called ‘sub-shock”). In
a highly CR-modified shock a large part of the DSA process at high CR energies actually
takes place in the precursor when the spatial diffusion coefficient, D is an increasing func-
tion of particles momentum. Then, the subshock is responsible mostly for the acceleration
process at low energies93 and injection of seed DSA particles.
The importance and detailed outcomes of nonlinear evolution in strong shocks depend on
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the size of the CR population at the shock, the hardness of the CR spectrum being accel-
erated at the shock, the efficiency and distribution of turbulent magnetic field amplification
upstream of the shock and the geometry of the shock.94 These physical details are im-
portant, since they regulate how much energy is extracted from the flow into the shock
and, accordingly how much pressure will develop from these CRs and amplified magnetic
field within the shock transition. On the other hand, unless they include much larger to-
tal CR populations or interact with a pre-existing CR population with a hard spectrum,
weak shocks are minimally affected by nonlinear effects, because of the steeper CR spectra
generated in these shocks. Fig.4 shows the time evolution of CRp spectra accelerated at
simulated weak and stronger shocks. In the case of weak shocks the spectrum agrees with
the prediction of test particle DSA theory, while the spectrum becomes concave and flatter
than test particle DSA for stronger shocks, due to the non-linear back-reaction of CRp. The
quality of comparisons between real and theoretical strong, DSA-modified shocks is still
an open question (see the discussion at the end of this section).
The acceleration time-scale at the shock (i.e. the time necessary for CRs of energy E to
double that energy) depends on the time interval between shock crossings for the CR,
∼ 4D/(VpVsh), Vp is the particle velocity, and on the ratio of the CR velocity to the fluid
velocity change across the shock, so ∼ Vp/∆Vsh. Thus, it primarily depends on the spatial
diffusion coefficient of particles, and inversely on the shock velocity, Vsh, and the compres-
sion through the shock. In the simplified case that the spatial diffusion coefficient does not
change across the shock, the mean acceleration time to a given momentum in an unmodified
shock can be written as :
τacc(p)' 4D(p)
(csM)2
M2(5M2+3)
(M2+3)(M2−1) (4)
that approaches τacc ≈ 20D/(csM)2 for strong shocks.
In order to derive a maximum energy of the accelerated CRs in a given time interval we
assume a Bohm diffusion coefficient, D(p) = (1/3)rL(p)c, (see also Sect 2.2.2) where,
rL(p), is the particle Larmour radius. This is optimistically small, thus giving us an opti-
mistic upper energy bound, since it assumes a mean free path equal to the CR gyroradius.
The spatial diffusion coefficient for relativistic particles then becomes in practical terms,
D(p)∼ 3×1022 (cp/GeV)
(B/µG)
cm2s−1, (5)
resulting in an acceleration time scale to GeV energies of the order of 1 yr, if we assume a
typical shock velocity in galaxy clusters, Vsh = csM ∼ few 103 km/s, and B∼ 1µG. Then,
from eqs.4-5, pmax ∼ (τ/yrs) GeV, implying for realistic available acceleration times (
years) that the power law distribution of the accelerated particles should extend up to very
high energies, where energy losses or diffusion from the acceleration region quenches the
acceleration process (spatial diffusion in the ICM is discussed in Sect. 3.2).
The energy losses for CRe, due especially to synchrotron and inverse Compton processes
(see Sect. 3), are much more significant than those for CRp. For CRe the maximum energy
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Fig. 5. The life-time of CRp in the ICM as a function of energy due to photo-pion and photo-pair production
(solid curves) are compared to a reference life-time of clusters ∼ 10 Gyrs, to the maximum diffusion time-scale
of CRp (assuming Bohm-diffusion on 3 Mpc scales and using an optimistic value B = 5µG) and to the minimum
acceleration time-scale of CRp by shocks (assuming an optimistic configuration with Bohm-diffusion with B =
5µG, and a shock velocity = 4000 km/s). The allowed region, marking the energies of CRp that can be obtained
via shock acceleration, is highlighted in blue.
accelerated at shocks in galaxy clusters can be of the order of several tens of TeV.96, 97
Once these CRe are advected downstream of the shock, radiative cooling due to inverse
Compton scattering (ICS) with the CMB (and if the magnetic fields are strong enough,
synchrotron, Sect. 3) will steadily reduce the maximum electron energy, so that it scales
asymptotically as γe,max ∝ 1/x, where x=Vdt is the propagation distance downstream from
the shock reached over a time, t. This causes the “volume integrated” electron spectrum
to steepen by one in the power law index, δ = δin j + 1 above energies reflecting this loss
over the lifetime of the accelerating shock.98, 99 Consequently, the “spatially unresolved”
synchrotron spectrum “from the downstream region” will show a steepened spectral slope,
α = (δ −1)/2 = αin j +1/2.
By contrast, CRp in these shocks are not subjected to significant energy losses until they
reach extremely high energies where they suffer inelastic collisions with CMB photons.
CRp with energies above a few hundred PeV will produce e± when they collide with CMB
photons, limiting their life-times to a period below a few Gyr100(Figure 5). Most impor-
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
14 G. Brunetti & T. W. Jones
tant, at energies above about 5× 1019eV, such collisions produce pions, and each such
collision extracts a significant fraction of the CRp energy (this is the same physics that
determines the so-called Greisen-Zatsepin-Kuzmin (GZK) cutoff in the ultra-high energy
CR spectrum). For example, for energies above ∼ 1020eV the CRp life-time drops rapidly
below ∼ 108 yr (Fig. 5). In Figure 5 we compare these relevant time-scales with the shock-
acceleration time-scale (eqs. 4-5) and with the life-time of shocks and clusters themselves.
It follows that CRp acceleration at cluster shocks can reach at most maximum energies
of a few 1019 eV.43, 96 We note that this is an optimistic estimate, as we are implicitly as-
suming that such high-energy CRp are still effectively confined in galaxy clustersg (CRs
diffusion/confinement is discussed in Sect. 3.2).
2.2.1.2. Shock acceleration in the ICM & open questions
Particle acceleration efficiency at strong shocks is becoming constrained by studies of
SN-driven shocks in our Galaxy.47, 48 Those shocks transfer ∼ 10% or more of the en-
ergy flux though them into CRp. It is important to keep in mind that the shocks mostly
responsible for acceleration of observable Galactic CRs are very strong, with Mach num-
bers upwards of 103, and that they are found in low beta-plasma, βpl = Pgas/PB, envi-
ronments. By contrast, and as discussed above, the ICM is a high-βpl environment and
most of the kinetic energy flux penetrating galaxy cluster shocks is associated with much
weaker shocks where, the acceleration efficiency is probably much less, although still
poorly understood.92, 101, 102 In this respect galaxy clusters are special environments, as they
are unique laboratories for constraining the physics of particle acceleration at (Mpc-scale)
weak shocks. It remains an open issue whether these weak shocks can accelerate CRs in
the ICM at meaningful levels.
A critical, unresolved ingredient in shock acceleration theory is the minimum momen-
tum of the seed particles that can be accelerated by DSA; i.e., the minimum momentum
that leads to diffusive particle transport across the shock. This, along with the detailed pro-
cesses that control this minimum momentum are crucial in determining the efficiency with
which thermal particles are injected into the population of CRe and CRp. Particles must
have momenta at least several times the characteristic postshock thermal ion momenta in
order to be able to successfully recross into the preshock space. Quasi-thermalized par-
ticles are inherently less likely to recross in the upstream direction in weak shocks than
strong shocks, because of the weaker dissipation in weak shocks; i.e., the ratio of the post-
shock thermal speed to the postshock convection speed is relatively smaller. Injection is
expected to depend sensitively on the charge/mass ratio of the injected species, since that
determines the rigidity (∝ p/q) of particles at a given energy. For this reason, nonrela-
tivistic electrons appear to be very difficult to inject from the thermal population (because
p =
√
2mE), so are likely to be far fewer than injected protons. Typically some kind of
upstream, pre-injection process, often involving protons reflected by the shock that gener-
ge.g., confinement of CRp with energies 1019−1020eV for a Hubble time would require conditions compa-
rable to Bohm diffusion at distances of several 100 kpc from the shock
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ate upstream waves that can resonate with nonrelativistic electrons, is invoked to enable
electron injection at shocks.103–106 The processes “selecting” the particles that can recross
define so-called thermal-leakage injection. It is important to realize that they are poorly
understood, especially in the relatively weak shocks with large βpl expected in cluster me-
dia. Existing collisionless shock simulations, hybrid and PIC simulations, have focused on
strong shocks or low beta-plasma.106–108 The orientation of the magnetic field with respect
to the shock normal is also important, since it strongly influences the physics of the shock
structure.106, 109
A connected, unresolved ingredient in nonlinear CR shock theory is the level of am-
plification of the magnetic field and its distribution within the shock due to CR-driven
instabilities. The evolution of the magnetic field through the full shock structure is im-
portant, since the magnetic field self–regulates the diffusion process of supra–thermal par-
ticles on both sides of the shock and also affects the injection process.91, 110 There are
several proposed models to amplify magnetic fields significantly within the CR-induced
shock precursor;111–113 none of them applies until some degree of shock modification al-
ready takes place. This means they only apply in strong shocks, so probably not in cluster
merger shocks. Some magnetic field generation and/or amplification downstream of curved
or intersecting shocks may result when the electron density and pressure gradients are not
parallel (the so-called Biermann Battery effect114), due to the Weibel filamentation insta-
bility115, 116 or when the downstream total plasma and pressure gradients are not parallel
(so-called baroclinic effects that amplify vorticity8, 117). Amplification of turbulence and
magnetic fields only downstream, however, have minimal impact on DSA, which depends
essentially on those properties on both sides of the shock.
As a final remark we mention that there is still discussion on the spectrum of CRs
resulting from shock acceleration. Although calculations in the last decade agreed on the
conclusion that the spectra of CRs accelerated at strong shocks are concave (flat) as a result
of the dynamical back-reaction of CRs (Figure 4), current data for SNRs seem to favour
steeper spectra and suggest a partial revision of the theory.118 Specifically, the absence
of CR spectral concavity in modified shocks requires a relative reduction in acceleration
efficiency or increased escape probability for the highest energy CRs.94
2.2.2. Turbulence in the ICM and CR reacceleration
Galaxy clusters contain many potential sources of turbulence. These include cluster galaxy
motions,119, 120 the interplay between ICM and the outflowing relativistic plasma in jets and
lobes of AGNs,121, 122 and buoyancy instabilities such as the magnetothermal instability
(MTI) in the cluster outskirts.123 However, the most important potential source of turbulent
motions on large scales is the process that leads directly to the formation of galaxy clus-
ters.14, 75, 124, 125 Mergers between clusters deeply stir and rearrange the cluster structure. In
this case turbulence is expected from core sloshings, shearing instabilities, and especially
from the complex patterns of interacting shocks that form during mergers and structure
formation more generally79, 126–137 (Figure 2). Such a complex ensemble of mechanisms
should drive in the ICM both compressive and incompressive turbulence, as also supported
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by the analysis of numerical simulations;137, 138 in Figure 6 we report a sketch of the turbu-
lent properties of the ICM.
Large scale turbulent motions that are driven during cluster-cluster mergers and dark
matter sub-halo motions are expected on scales comparable to cluster cores scales, Lo ∼
100−400 kpc, and might have typical velocities around Vo∼ 300−700 km/s, e.g.125 These
motions are sub–sonic, typically with Ms =Vo/cs ≈ 0.2−0.5, but they are strongly super-
Alfve´nic, with MA = Vo/VA ≈ 5− 10, e.g.45 This implies a situation in which magnetic
field lines in the ICM are continuously advected/stretched/tangled on scales larger than the
Alfve´n scale; that is, the scale where the velocity of turbulent eddies equals the Alfve´n
speed, lA ∼ L0(V0/VA) 2a−1 (a is the slope of the turbulent velocity power-spectrum, W (k)∝
k−a). Below this scale, turbulent, “Reynolds stresses” are insufficient to bend field lines
and turbulence becomes MHD (Fig. 6). Under these conditions the effective particle mean-
free-path in the ICM should be lm f p ∼ lA rather than the value of the classical Coulomb
ion-ion mean free path, lC ∼ 10−100 kpc45, 139 (Fig. 6)h.
However the ICM is a “weakly collisional” plasma and can be very different from colli-
sional counterparts, because it is subject to various plasma instabilities, e.g.140, 141 In many
cases, as a result of plasma instabilities the (relatively weak) magnetic field is perturbed
on very small scales. That provides the potential to strongly reduce the effective thermal
particle (and CRs) mean free path142–145 and also the effective viscosity of the fluid, below
the classical Braginskii viscosity determined by thermal ion-ion Coulomb collisions.
All these considerations about the velocities of large-scale motions and the effective par-
ticle mean-free-path in the ICM allow us to conclude that the effective Reynolds number
in the inner ICM is Re >> 103; that is, much larger than it would be if it were deter-
mined by the classical ion–ion mean free path (Re∼ 100). Theoretically this suggests that
a cascade of turbulence and a turbulent inertial range could be established from large to
smaller scales (Fig. 6). In addition plasma/kinetic instabilities in the ICM generate waves
at small, resonant, scales (Fig. 6). Among the many types of waves that can be excited in
the ICM we mention the slab/Alfve´n modes that may be excited for example via stream-
ing instability146 and gyro-kinetic instability,145 and the whistlers that may be excited for
example via heat-flux driven instabilities.143, 147 Also coherent wave phenomena in MHD
turbulence can generate non-linear electrostatic waves; for example lower hybrid electro-
static waves in the ICM might be excited through the non-linear modulation of density in
large amplitude Alfve´n wave-packets.148 Both large-scale motions (and their cascading at
smaller scales) and the component of self-excited turbulent waves at small scales have a
strong role in governing the micro-physics of the ICM through the scattering of particles
and the perturbation of the magnetic field.
Current X-ray observations do not allow one to derive stringent constraints on the turbulent
motions in dynamically active (i.e. merging or non cool core) clusters149, 150 (see however
the pioneering attempt by151) (constraints on cool core clusters are discussed in Sect. 4.3).
hthe effective mfp should be the smaller of the two scales, however under typical ICM conditions lA < lC ,
see45
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This will hopefully change in the next years thanks to the ASTRO-H satellitei that will
allow measurement of ICM turbulence through the Doppler broadening and shifting of
metal lines induced by turbulent motions and the effect of turbulence on resonant lines
properties.127, 136, 152–156
Fig. 6. A schematic view of turbulence in the ICM. The transition from hydro- to MHD turbulence is marked
(see text). The expected spectral features of both solenoidal and compressive turbulence generated at large scales
are illustrated : solenoidal turbulence develops an Alfve´nic cascade at small (micro-) scales whereas the compress-
ible part (fast modes in the MHD regime) is presumebly dissipated via TTD resonance with electrons and protons
in the ICM (or eventually via TTD resonance with CRs in case of reduced effective mean free path, see text). A
schematic illustration of relevant examples of “self-excited” modes, excited via CRs- or turbulent-induced insta-
bilities, is also shown together with the relevant scales: slab modes, lower hybrid electrostatic waves, and whistler
waves (see text). A schematic illustration of the scales of the Alfve´n scale, lA, classical mean-free-path due to
Coulomb ion-ion collisions, lC , and reduced particles mean-free-path is also given.
2.2.2.1 Turbulent Acceleration
Turbulence in the ICM can potentially trigger several mechanisms of particle accelera-
tion. The non-linear interplay between particles and turbulent waves/modes is a stochastic
ihttp://astro-h.isas.jaxa.jp/en/
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process that drains energy from plasma turbulence to particles.157, 158 In addition, recon-
nection of magnetic fields may be faster in turbulent regions than in stationary media or
laminar flows,159 potentially providing an additional source of particle acceleration in the
ICM.20 In this Section we will focus on stochastic re-acceleration of CRs due to resonant
interaction with turbulence, in particular with low-frequency waves, because this turbulent-
acceleration mechanism has the best developed theory and is the most commonly adopted
in the current literature. Acceleration of CRs directly from the thermal pool to relativistic
energies by MHD turbulence in the ICM is very inefficient and faces serious problems due
to associated energy arguments.160, 161 Consequently, turbulent acceleration in the ICM is
rather a matter of re-acceleration of pre-existing (seed) CRs rather than ab initio accelera-
tion of CRs, e.g.162, 163
The (re)acceleration of CRs by turbulence is customarily described according to the
quasi-linear-theory (QLT), where the effect of linear waves on particles is studied by
calculating first-order corrections to the particle orbit in the uniform/background mag-
netic field B0, and then ensemble-averaging over the statistical properties of the turbulent
modes.164–166 In QLT one works in the coordinate system in which the space coordinates
are measured in the Lab system and the particle momentum coordinates are measured in the
rest frame of the background plasma that supports the turbulence and in which turbulence
is homogeneous. Then the gyrophase-averaged particle density distribution, f (x, p,µ, t), µ
is the cosine of the particle pitch angle, evolves in response to electromagnetic turbulence
according to the Fokker-Planck equation:158
d f
dt
=
∂
∂µ
[(
Dµµ
∂
∂µ
+Dµ p
∂
∂ p
)
f (p,µ, t)
]
+
1
p2
∂
∂ p
[
p2×(
Dµ p
∂
∂µ
+Dpp
∂
∂ p
)
f (p,µ, t)
]
(6)
where Dpp, Dµµ and Dpµ are the fundamental transport coefficients describing the stochas-
tic turbulence–particle interactions. These are determined by the electromagnetic fluctua-
tions in the turbulent field.
Much attention has been devoted to the interaction with the low-frequency Alfve´n and
magnetosonic MHD wavesj. For these waves the relevant Fokker-Planck coefficients are
given by:165, 168
jFollowing167 here we define low frequency waves as those having frequency ω <<Ωi/βpl , where Ωi is the
Larmor frequency of nonrelativistic ions
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where ω is the wave frequency, k the wave-number, k⊥ and k‖ the wave-number com-
ponents perpendicular and parallel to the background field, Ψ = arctan(kx/ky), Ω =
(q/|q|)Ω0/γ (Ω0 = qB/(mc) is the non-relativistic gyrofrequency) and where we define
x = k⊥v⊥/Ω as the argument for the Bessel functions, Jn. The relevant electromagnetic
fluctuations are :
< Bα(k)B∗β (k
′)>= δ (k−k′)Pkαβ (8)
and
< Eα(k)E∗β (k
′)>= δ (k−k′)Rkαβ (9)
where α and β = R,L indicate right-hand and left-hand wave polarizations.
Under conditions of negligible damping ω = ωr + iΓ→ ωr and the integral in eq.(7) is
∫
d3k
∫ ∞
0
dte−i(k‖v‖−ω+nΩ)t
(
. . .
)→ pi ∫ d3kδ (k‖v‖−ω+nΩ)(. . .), (10)
where δ (k‖v‖ −ω + nΩ) selects the resonant conditions between particles and waves;
namely, n = ±1, .. (gyroresonance that is important for Alfve´n waves) and n = 0 (Tran-
sit Time Damping, TTD, or wave surfing that is the most important for magnetosonic
waves).157, 165 In the MHD approximation the polarisation and dispersion properties of the
waves are relatively simple. For Alfve´n waves, PkRR = P
k
LL = −PkRL = −PkLR, RkRR = RkLL =
RkRL = R
k
LR and ω = vAk‖, while for (fast) magnetosonic waves, PkRR = PkLL = PkRL = PkLR,
RkRR = R
k
LL = −RkRL = −RkLR and ω = Vf k (see157, 158 for details); Vf = cs in high beta-
plasma such as the ICM.
In the case of low-frequency MHD waves with phase velocities, Vph, much less than
the speed of light the magnetic-field component is much larger than the electric-field com-
ponent, δB ∼ c/VphδE. Then the particle distribution function, f , adjusts very rapidly
to quasi-equilibrium via pitch-angle scattering, approaching a quasi-isotropic distribution.
In this case the Fokker-Planck equation (eq. 6) simplifies to a diffusion-convection equa-
tion:169, 170
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∂ f (p, t)
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)
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where the momentum diffusion coefficient parallel to the magnetic field, Dpp, is:
Dpp =
1
2
∫ 1
−1
dµDpp (12)
and the spatial diffusion coefficient, D, is :
D =
v2
8
∫ 1
−1
dµ
(1−µ2)2
Dµµ
. (13)
and where we added two terms in eq. (11), f p2|d p/dt| and Q, that account for energy losses
(see Sect. 3.1) and injection of CRs, respectively. To avoid confusion, we mention that the
basic physics behind the two diffusion convection equations (2) and (11) is similar. The
principal differences are that eq. (11), which targets CR interactions with local turbulence,
ignores large-scale spatial variations in the background velocity, V , while eq.(2) ignores
the momentum diffusion coefficient, Dpp, because in strongly compressed flows at shocks
it is sub-dominant (note that eq.2 also omits energy losses and injection of CRs).
From eqs. (7)-(9) and (12) and (13) it is clear that the momentum and spatial diffusion
coefficients depend on the electric field and magnetic field fluctuations, respectively. Sim-
ple, approximate forms for these coefficients can be written in some circumstances that are
useful in several astrophysical situations, including galaxy clusters.
For instance, if one assumes isotropic pitch angle scattering by resonant (linearly polarized
and undamped) Alfve´n waves with k ∼ r−1L , the spatial diffusion coefficient from eq. (13)
can be written for relativistic CRs as:171
D≈ AcrL B
2
0
(δB)2
, (14)
where δB represents the net amplitude of (resonant) magnetic field fluctuations defined
in eq. (8) and where A ∼ 1 (in Sect.3.2 we will give a equivalent formula in terms of the
Alfve´n wave spectrum, eq. 25). We note that for δB ∼ B0 the result is equivalent to the
classical Bohm diffusion formula, D∼ (1/3)crL, that has been used in Sect. 2.2.1.
Similarly, if we assume momentum diffusion due to Transit-Time-Damping, TTD, (n = 0)
interactions with isotropic magnetosonic waves, we can write approximately for relativistic
CRs:45
Dpp ≈ A1 p2 c
2
s
cl
(δB)2f
B20
, (15)
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
Cosmic rays & nonthermal emission in galaxy clusters 21
where A1 (A1 ∼ 5) depends on details of the turbulence, l is the scale on which magne-
tosonic waves are dissipated, and now (δB) f represents magnetic field fluctuations associ-
ated with those waves through eq.(8) (δB f /B0 ∼ Vt/cs, e.g.,45 where Vt is the velocity of
large-scale turbulent eddies).
Fig. 7. The coupled evolution with time of the spectra of CRp (upper-left; p is in cgs units), CRe (right) and
Alfve´n waves (bottom-left); Alfve´n waves are continuously injected assuing an external source (adapted from174).
Panels highlight the non-linear interplay between the acceleration of CRs and the evolution of waves that, indeed,
are increasingly damped with time as they transfer an increasing amount of energy to CRs. Saturation of CRe
acceleration at later times is due to the combination of radiative losses and the damping of the waves that limits
acceleration efficiency.
2.2.2.2. Application to the ICM & open questions
To account for the turbulence–particle interaction properly, one must know both the
scaling of turbulence down to resonant interaction lengths (Eqs. 8–9), the changes with
time of the turbulence spectrum on resonance scales due to the most relevant damping
processes, and the interactions of turbulence with various waves produced by CRs. This
is extremely challenging. However, in the last decade several modeling efforts attempted
to study turbulent acceleration in astrophysical environments, including galaxy clusters, by
using physically motivated turbulent scalings and the relevant collisionless damping of the
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turbulence.
Several calculations suggest that there is room for turbulence in galaxy clusters to play
an important role in the acceleration of CRs. This outcome depends on the fraction of the
turbulent energy that goes into (re)acceleration of CRs in the ICM.
Presumably the many types of waves generated/excited in the ICM, both at large and very
small scales (Fig. 6), should jointly contribute to the scattering process and (re)acceleration
of CRs. Much attention has been devoted to CR acceleration due to compressible (fast
mode) turbulence that is driven at large scales in the ICM from cluster mergers and that
cascades to smaller scales. Under this hypothesis, and as expected for typical conditions
in galaxy clusters (i.e., high temperature, high beta plasma and with likely forcing and
dissipation scales), it is the compressible fast modes that are the most important in the
acceleration of CRs in ICMs. Most of the energy of these modes is converted into the
heating of the thermal plasma via the TTD resonance. However current calculations show
that TTD can drain as much as a few to ∼10 percent of the total turbulent–energy flux
into the CR component of the ICM plasma.14, 45, 172 In this case CRe in the ICM can be re-
accelerated up to energies of several GeV, provided that the energy budget of fast modes on
scales of tens of kpc is larger than about 3-5 percent of the local thermal energy budgetk. We
expect that this conclusion is important for understanding the origin of radio halos (Sect.
4).
Moreover there are several circumstances under which the fraction of the turbulent energy
that is transferred into CRs may be much larger than a few %, thus making the accelera-
tion process also more efficient than in the previous case. For example, if we consider the
scenario discussed above, where compressive (fast mode) turbulence is generated at large
scales, a large fraction of the energy of the fast modes can be converted into the accelera-
tion of CRs if the CR particle collision frequencies in the ICM are much larger than those
due to the classical process of ion-ion Coulomb collisions.144 Potentially this may occur
if the interactions between particles are mediated by magnetic perturbations generated by
plasma instabilities. Instabilities may be driven by compressive turbulence and CRs in the
ICM.144, 145 Another case where a large fraction of the turbulent energy is potentially dis-
sipated into the (re)acceleration of CRs in galaxy clusters is that of incompressible turbu-
lence, where acceleration is driven by Alfve´n modes via gyro-resonance (n=±1).44, 173, 174
In this case the important caveat is that Alfve´n modes develop an anisotropic cascade
toward smaller scales, below the Alfve´n scale, that quenches the efficiency of the gyro-
resonance, n = ±1, scattering (acceleration) process.168, 175, 176 Consequently models of
Alfve´nic acceleration assume that waves are generated in the ICM at small (quasi-resonant)
scales (Fig. 6), although it remains still rather unclear whether such small-scale waves can
be efficiently generated in the ICM.
In all these cases, where a fairly large fraction of the turbulent energy is drained into CRs,
kWe note that if compressive turbulence is generated at larger (e.g. a few 100 kpc) scales, this condition in
terms of energy budget, essentially implies that a large fraction of the energy of such turbulence is transported to
smaller scales. It implies, for example, that weak shocks generated by compressive turbulence and viscosity do
not dissipate most of the turbulent energy budget into heat.
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
Cosmic rays & nonthermal emission in galaxy clusters 23
the efficiency of acceleration is essentially fixed by the damping of turbulence by the CRs
themselves.144, 174, 177 Figure 7 shows an example of CRp and CRe acceleration under these
conditions. As time proceeds during the acceleration, the CRs gain energy and extract an
increasing energy budget from the turbulent cascade. Consequent modifications are induced
in the spectrum of the turbulence, causing a decrement in the acceleration efficiency. This
differs from the cases where a smaller fraction of turbulent energy is dissipated into CRs
acceleration. In these cases indeed the turbulent properties and the efficiency of turbulent
acceleration depend only weakly on the CRs properties and energy budget.45, 172
2.3. Generation of secondary particles
If we assume that CRp remain in galaxy clusters for a time-period, τ , the grammage they
encounter during their propagation is Xg∼ nICMmpcτ ∼ 1.6× nICM10−3 × τGyr g cm−2. On cosmic
time scales that would often be comparable in the ICM with the nuclear grammage required
for an inelastic collision, Xnuc ≈ 50 g cm−2. This implies that the generation of secondary
particles due to inelastic collisions between CRp and thermal protons in the ICM is an
important source of CRe.
The decay chain for the injection of secondary particles is:19
p+ p→ pi0+pi++pi−+ anything
pi0→ γγ
pi±→ µ±+νµ(ν¯µ) , µ±→ e±+ ν¯µ(νµ)+νe(ν¯e).
A threshold reaction requires CR protons with kinetic energy just larger than Tp ≈ 300
MeV to produce pi0. The injection rate of pions is given more generally by:19, 178
Q±,opi (E, t) = n
p
thc
∫
p∗
d pNCRp(p, t)
Fpi(Epi ,Ep)σ±,o(p)√
1+(mpc/p)2
, (16)
where NCRp is the CRp spectrum, Fpi is the spectrum of pions from the individual collisions
of CRp (of energy Ep) and thermal protons177–185 and σ±,o(p) is the pp cross section for
pio, pi+ and pi−.182, 183, 185
Neutral pions decay into γ–rays with spectrum19, 182, 183, 185 :
Qγ(Eγ) = 2
∫ Emaxp
Emin
Qpio(Epio)√
E2pi −m2pic4
dEpi , (17)
where Emin = Eγ + 1/4m2pic
4/Eγ . Neutral pions produced near threshold will decay into a
pair of γs with average energy Eγ ' 67 MeV. This provides a rough measure of the low
energy end of the expected γ-ray spectrum. Charged pion decays produce muons, which
then produce secondary electrons and positrons (as well as neutrinos) as they decay. The
injection rate of relativistic electrons/positrons then becomes:
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Qe±(p, t) =
∫
Epi
Qpi(Epi± , t)dEpi
∫
dEµFe±(Epi ,Eµ ,Ee)Fµ(Eµ ,Epi), (18)
where F±e (Ee,Eµ ,Epi) is the spectrum of electrons and positrons from the decay of a muon
of energy Eµ produced in the decay of a pion with energy Epi ,19, 185 and Fµ(Eµ ,Epi) is the
muon spectrum generated by the decay of a pion of energy Epi .19, 177, 178
Secondary electrons continuously generated in the ICM are subject to energy losses
(Sect. 3.1). If these secondaries are not accelerated by other mechanisms, their spectrum
approaches a stationary distribution because of the competition between injection and en-
ergy losses:186
N±e (p) =
1∣∣∣[ d pdt ]L ∣∣∣
∫ pmax
p
Q±e (p)d p , (19)
where d pdt L accounts for CRe energy losses (see Sect. 3.1). Assuming a power law distribu-
tion of CRp, Np(p) =Kp p−s, the spectrum of secondary electrons at high energies, γ > 103,
is Ne(p) ∝ p−δ , with δ = s+ 1−∆, where ∆ ∼ 0.05 approximately accounts for the log–
scaling of the p-p cross–section at high energies.177, 185, 187 The radio synchrotron emission
from these electrons (e± actually) would have a spectral slope, α = (δ −1)/2.
3. The life-cycle of CRs in galaxy clusters
In this Section we discuss the energy-evolution and dynamics of relativistic CRp and CRe
that are released in the cluster volume from the accelerators described in the previous Sec-
tion. In this Section we also discuss the constraints on CR acceleration efficiency and prop-
agation that come from the current γ-ray and radio observations.
3.1. Energy Losses
Cosmic rays, especially electrons for energies above ∼ GeV, are subject to energy losses
that limit their life-time in the ICM and the maximum energy at which they can be acceler-
ated by acceleration mechanisms.
3.1.1. Electrons
The energy losses of ultra-relativistic electrons in the ICM are essentially dominated by
ionization and Coulomb losses at low energies11
[
d p
dt
]
i
=−3.3×10−29nth
[
1+
ln(γ/nth)
75
]
, (20)
where nth is the number density of the thermal plasma protons, and and by synchrotron and
inverse Compton losses at higher energies,11
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[
d p
dt
]
rad
=−4.8×10−4 p2
[(
BµG
3.2
)2
+(1+ z)4
]
, (21)
where BµG is the magnetic field strength in units of µG, and we assumed isotropic magnetic
fields and distributions of CRe momenta. The factor in the square brackets can alternatively
be expressed as B2IC +B
2, where BIC = 3.2(1+ z)2 µG is the equivalent magnetic field
strength for energy losses due to ICS with CMB photons.
The life-time of CRe, τl ∼ p/(d p/dt), from Eqs. 20–21, is :
τe(Gyr)∼ 4×
{1
3
( γ
300
)[(BµG
3.2
)2
+(1+ z)4
]
+
( nth
10−3
)( γ
300
)−1 [
1.2+
1
75
ln
( γ/300
nth/10−3
)]}−1
. (22)
This depends on the number density of the thermal medium, which can be estimated from
X-ray observations, on the IC-equivalent magnetic field (i.e., redshift of the cluster), and on
the magnetic field strength, which is important only in the case B2 >> B2IC and eventually
can be constrained from Faraday rotation measures (Sect. 4.1).
3.1.2. Protons
For relativistic CRp, the main channel of energy losses in the ICM is provided by inelastic
p-p collisions (Sect. 2.3). This sets a CRp life–time
τpp(p)' 1cnthσpp (23)
σpp is the inclusive p–p cross-section.182, 183
For trans-relativistic and mildly relativistic CRp, energy losses are dominated by ionization
and Coulomb scattering. CRp more energetic than the thermal electrons have158
(d p
dt
)
i
'−1.7×10−29
( nth
10−3
) βp
3
4
√
piβ 3e +β 3p
(cgs) (24)
where βe = ve/c' 43βp ' 0.18(T/108K)1/2 is the RMS velocity of the thermal electrons,
while βp is the corresponding thermal proton velocity.
3.1.3. General energy loss considerations
Figure 8 shows the (total) time scales for losses of CRe and CRp. CRp with energy 1 GeV
– 1 TeV are long-living particles with life-times in the cores of galaxy clusters ∼ several
Gyrs. At higher energy the CRp time-scale gradually drops below 1 Gyr, while at very high
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Fig. 8. Life-time of CRp (red) and CRe (blue, lower curves) in the ICM at redshift z= 0, compared with the CR
diffusion time on Mpc scales (magenta, upper curves) (adapted from25). The most relevant channels of CR energy
losses at different energies are highlighted in the panel. Adopted physical parameters are : nth = 10−3cm−3, B= 1
(solid) and 3µG (dashed). Diffusion is calculated assuming a Kolmogorov spectrum of magnetic fluctuations with
Lmax = 100 kpc and f = 1.
energy, in the regime of ultra high energy CRp, the life-time is limited by inelastic p− γ
collisions with CMB photons, as discussed in Section 2.2.1 (Fig. 5).
On the other hand, CRe are short-lived particles at the energies where they radiate
observable emissions, due to the unavoidable radiation energy-losses (mainly ICS and syn-
chrotron). The maximum life-time of CRe, about 1 Gyr, is at energies ∼ 100 MeV, where
radiative losses are roughly equivalent to Coulomb losses. On the other hand, CRe with
energy∼several GeV that emit synchrotron radiation in the radio band (GHz), have shorter
life-times,∼0.1 Gyrs. The life-times of CRe at high energies do not vary much from cluster
cores to periphery, because for weak magnetic fields they are determined by the unavoid-
able losses from ICS off CMB photons. On the other hand, CRe ICS lifetimes will scale
strongly and inversely with cluster redshift according to (1+ z)−4 (eqs. 21-22).
3.2. Dynamics of CRs in the ICM
The propagation of CRs injected in the ICM is mainly determined by diffusion and con-
vection.
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The time necessary for CRs to diffuse over distances L is τdi f f ∼ (1/4)L2/D. This
implies that the spatial diffusion coefficient necessary for diffusion of CRs over Mpc-scales
within a few Gyrs is extremely large, D > 2×1031cm2s−1. For CRs with GeV energy this
is several orders of magnitude larger than that in our Galaxy. This simple consideration
suggests that galaxy clusters are efficient containers of CRs.
More specifically, according to QLT the diffusion coefficient for gyro-resonant scatter-
ing of particles with Alfve´nic perturbations of the magnetic field is146, 188 (see also Sect.
2.2.2):
D(p) =
1
3
rLc
B2∫ ∞
2pi/rL dkP(k)
, (25)
where P(k) is the power spectrum of turbulent field-perturbations on a scale k (that interacts
resonantly with particles with momentum p∝ 1/k), such that
∫ ∞
kmin dkP(k) = f B
2 and f ≤ 1;
kmin is the minimum wavenumber (maximum scale) of turbulencel. In Figure 8 we show a
comparison between the life-time of CRs and their diffusion-time on Mpc scales assuming
a Kolmogorov spectrum of the Alfve´nic fluctuations, f B2 ∝ k−5/3, with a maximum scale
Lmax = 2pik−1min = 100 kpc and f = 1. The diffusion time of CRs in this case is substantially
larger than a Hubble time, implying that CRp can be accumulated in the volume of galaxy
clusters and that their energy budget increases with time, as first realized by.16–18 Figure 8
suggests that even a fairly small level of magnetic field fluctuations in the ICM, f << 1,
should be sufficient to confine most of the CRs in the gigantic volume of galaxy clusters
for a time-period comparable to the age of clusters themselves.
Formally eq.25, which has been originally adopted to support CRs confinement in clus-
ters, assumes an isotropic distribution of Alfve´nic fluctuations at resonant scales. This is
not true in the case of the strongm incompressible turbulence, because its cascading pro-
cess is anisotropic with respect to the mean field.189, 190 Consequently, particle scattering
is strongly reduced.168, 175, 176 However, in general this does not imply that CRs scattering
is inefficient because, even limiting to the particular case of strong incompressible turbu-
lencen, we can think that the non-resonant mirror interactions with the slow-mode pertur-
bations provide a lower limit to the rate of scattering that is still orders of magnitude more
efficient than that due to the gyroresonant scatter calculated according to QLT191 We also
note that Alfve´n waves can be excited directly at resonant scales, for example, due to the
streaming instability that is driven by CRs streaming along the field lines, eg.146, 158 (Fig.
6). In this case the streaming speed (the effective “drift speed”) of CRs gets limited to the
Alfve´n speed. If this process is efficient in the ICM, CRs drift at the Alfve´n speed and the
time-scale necessary for CRs to cover Mpc distances is ∼ Hubble time using a reference
value, vA ∼ 107cm/s. In the presence of background turbulence, the streaming instability
lWe note that if turbulent field-perturbations are on scales ≤ rL, i.e. kmin ≥ 2pi/rL, and f ≈ 1 eq. (25) is the
coefficient of parallel Bohm diffusion, D∼ 1/3rLc
mWe note, from the MHD turbulence literature, that the notion “strong,” refers to the strength of the non-linear
interaction between turbulent waves, not to the amplitude of the turbulent fluctuations.
nIf a fraction of the turbulence is compressible, scattering is efficient and dominated by fast modes.
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Fig. 9. Left panel: spatial distribution of tracers particles in a galaxy clusters at z = 0 that have been uniformly
generated in the cluster region in the simulated box at z =30, 6 and 0.1. The bottom-right panel shows the gas
density at z = 0 (adapted from153). Right panel: volume-filling distribution of the turbulent spatial-transport coef-
ficient, D∼Vlo lo, that is estimated from the analysis of numerical simulations of galaxy clusters. Curves refer to
cases where turbulent motions are driven by cluster mergers, AGN-jets and sloshing (from135).
can be partially suppressed.168, 192 This is because turbulence suppresses the waves respon-
sible for self-confinement of CRs, since they cascade to smaller scales before they have the
opportunity to scatter CRs. Such a background turbulence, however, also limits the “free
flight” of CRs, through the scattering with the fluctuations of the magnetic field induced
by turbulence itself. In the most “favourable” case, where we necglect small scale fluctua-
tions, CRs can “fly” along the magnetic field lines over maximum distances that are of the
order of the smallest scale on which the magnetic field is effectively advected by turbulent
motions. That is the MHD, Alfve´n scale, lA ' lo/M3A, where lo is the turbulent-injection
scale and MA is the Alfve´nic Mach number of the turbulence on that scale, eg.45, 139 (Sect.
2.2.2, Fig. 6). The resulting maximum diffusion coefficient is D ∼ 1/3clA ≈ 1031( lA0.3kpc )
cm2 s−1, still implying a diffusion time over Mpc-scales of several Gyrs. In conclusion, we
believe that the wealth of waves that can be naturally generated in the ICM, on both small
and large scales, supports the paradigm of confinement of CRs in galaxy clusters; namely,
that most of the energy budget of CRp is accumulated in the cluster volume over the cluster
life-time.
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Assuming, in the light of this discussion, that parallel diffusion of CRs of some energy E is
strongly suppressed by fluctuations on relatively small scales, the cluster-scale dynamics of
these CRs is controlled by advection via gas flows accompanied by a process of turbulent-
transport (Figure 9, left). This process is analogous to the transport of passive scalars by a
turbulent flow, and it induces the CR particles to exibit a random walk behaviour, eg.,193
within the bulk flow. This regime is known as Richardson diffusion in hydro-turbulence.194
In this regime the transport is super-diffusive, L2 ∝ τ3/2di f f , on scales smaller than the in-
jection scale of turbulent eddies and diffusive, L2 ∼ 4Dτdi f f , on larger scales. Because it
is controlled by the fluid motions, the CR transport-coefficient is energy-independent and
can be estimated as D ∼ Vlo lo, where Vlo and lo are the velocity and scales of the largest
turbulent eddies. According to numerical simulations of galaxy clusters the largest values,
D ∼ 1030−31cm2s−1, are derived in the case of merging systems135 (Figure 9, right) as a
result of large scale motions and mixing generated during these events in the ICM. This
has the potential implication that turbulence might transport CRs on a scale that could be
of the order of cluster-cores, thus, potentially inducing a spatial distribution of CRs that is
broader than that of the thermal plasma. Similarly, we note that the same mechanism could
also spread metals through the ICM leading to the formation of the flat spatial distributions
of metals that are observed in non-cool core clusters.153, 195
To avoid confusion from the complexity of the above discussion, we clarify that the
relative importance of particle scattering-based diffusion parallel to the local mean mag-
netic field and bulk fluid turbulence-based transport of CRs in the ICM depend on particle
energies and the fluid turbulence properties, with the dynamics of very high energy CRs
being dominated by scattering-based diffusion.
3.3. Limits on CRp
The expected confinement and accumulation of CRp generated during cluster formation
(Sect. 3.2) motivate the quest for CRp in galaxy clusters. Most of the thermal energy in the
ICM is generated at shocks, as previously noted. Estimates of CRp acceleration efficiency
suggest as much as ∼10% of the kinetic energy flux at cosmological shocks may be con-
verted into CRs.196 Then, one might claim that the resulting energy budget of CRs should
be a substantial fraction of the ICM thermal energy. If true, the presence of the CRp could
influence many aspects of ICM dynamics, including, for examples, contribution to ICM
pressure support and a partial quenching of radiative cooling in core regions.
The most direct approach to constraining the energy content of CRp in ICMs consists in
the searches for γ-ray emission from the decay of the neutral pions due to CRp-p collisions
in the ICM. Early space-based γ-ray upper limits from EGRET observations provided lim-
its ECR/EICM < 0.3 in several nearby galaxy clusters.26 Subsequently, more stringent limits
have been derived from deep, pointed observations at energies Eγ >100 GeV with ground-
based Cherenkov telescopes.27, 29, 31, 197–199 These limits, unfortunately, depend on the un-
known spectral shape of the CRp-energy distribution and the spatial distribution of CRp in
the clusters. The most stringent limits are obtained assuming δ = 2.1 (NCR(p) ∝ p−δ ) and
a linear scaling between CRp and thermal energy densities (Fig. 10); under these assump-
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
30 G. Brunetti & T. W. Jones
tions a particularly deep limit ECR/EICM < 0.016 is derived for the Perseus cluster.31 Con-
straints are significantly less stringent for steeper spectra and for flatter spatial distributions
of the CRp component in the cluster. The recent advent of the orbiting Fermi-LAT obser-
vatory has greatly improved the detection prospects thanks to its unprecedented sensitivity
at MeV/GeV energies. However, after almost 5 years of operations, no firm detection of
any ICM has been obtained. Only upper limits to the γ-ray emission have been obtained for
both individual nearby clusters and from the stacking of samples of clusters.30, 32, 33, 199–201
Under the assumption that the spatial distribution of CRp roughly follows that of the ther-
mal ICM, in the most stringent cases (including stacking procedures) these limits constrain
ECR/EICM < about 1% (Fig. 10), with only a weak dependence on δ . Similar limits are
derived by assuming a spatial distribution of CRp that is slightly broader than that of the
ICM,32 such as that expected from simulations by.202 Limits on the CRp total energy be-
come gradually less stringent if one assumes a flatter spatial distribution compared to the
ICM, since then more CRp reside in regions where the number density of thermal-targets
protons is lower and where they consequently produce fewer pio and γ-rays.
Radio observations of galaxy clusters also provide limits on ECR/EICM , since these
observations allow one to constrain the generation rate of secondary CRe in the ICM.34–36
Only a fraction of clusters show diffuse, cluster scale synchrotron emission at the sensitivity
level of present observations (Sect. 4). Most do not. Radio upper limits to the cluster-scale
emission limit the combination of the energy densities of the magnetic field and secondary
CRe, and consequently the energy budget in the form of primary CRp as a function of
the magnetic field strength. Faraday rotation measurements provide an indication that the
central, Mpc3-volume, regions of galaxy clusters are magnetized at≈ µG level.203–205 This
information allows one to break the degeneracy between CRp and magnetic field energy
densities, resulting in limits ECR/EICM ≤ few×0.01 (Fig. 10).
Current upper limits violate optimistic expectations for the CRp energy content and
γ–ray emission from galaxy clusters derived in the last decade.16, 25, 83, 202, 206–209 Conse-
quently the available limits now suggest that the efficiency of CRp acceleration that has
been previously assumed for the most important mechanisms operating in galaxy clus-
ters was too optimistic, or that eventually CRp diffusion and turbulent-transport (Sect. 3.2)
play an important role. In this respect we notice that current observational constraints re-
fer mainly to the innermost (∼Mpc) regions of clusters where both the number density of
thermal protons (targets for pio production) and the magnetic field are largest. In fact no
tight constraints are available for the clusters outskirts where the CRp contribution might
be relatively larger.
As a final remark on this point we note that future radio telescopes, including the phase 1
of the SKA, will have a chance to obtain constraints one order of magnitude deeper. These
constraints will be better than current constraints from γ-ray observations even if we assume
that the magnetic fields in the ICM are significantly weaker than those estimated from
Faraday rotation measurements (Fig. 10). We note however that current limits on the hard
X-ray and γ-ray emission30 from galaxy clusters exclude the possibility that the magnetic
fields in the ICM are smaller than 0.1-0.2 µG. Weaker fields than these in clusters hosting
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Fig. 10. A collection of representative upper limits to the ratio of the energy in CRp and thermal ICM as
derived from γ-ray and radio observations. Radio-based upper limits depend on the magnetic field strength in a
Mpc3 volume. Limits from observations with Cherenkov telescopes include the case of Coma,197, 199 A8529 and
Perseus.31 In29, 197 δ = 2.1 and a spatially constant ratio of CRp and ICM energy densities are assumed. In the
case of Coma199 we report the limits obtained by these authors by adopting a spatial distribution and spectrum of
CRp from numerical simulations. In the case of Perseus31 the reported region (green) encompasses limits obtained
using δ = 2.1 and a spatially constant ratio of CRp and ICM energy densities and limits obtained by adopting a
spatial distribution and spectrum of CRp from numerical simulations. Limits from EGRET and Fermi-LAT are
taken from26 and,32, 33 respectively. In26, 33 limits are obtained assuming a spatially constant ratio of CRp and
ICM energy densities, whereas we report the limits obtained by32 by assuming the spatial distribution of CRp
from simulations. Upper limits derived from radio observations are taken from.35 The sensitivity level to CRp
from future SKA 1 observations is also reported for clusters at z = 0.25.
giant radio halos would, as we explain in Sect. 5, necessarily require inverse Compton hard
X-rays above current upper limits from the same CRe population responsible for the radio
synchrotron emission.
4. Diffuse synchrotron radio sources in galaxy clusters: radio halos and relics
Steep spectrum (α ≥ 1, with F(ν) ∝ ν−α ), diffuse radio emission extended on cluster
scales is observed in a number of galaxy clusters. The emission is clearly associated with
the ICM and not individual sources, implying the existence of relativistic electrons and
magnetic fields mixed with the ICM. Without entering in the details of the morphological
zoology that is observed, see e.g.,37, 38 in this Section we focus on the two main classes of
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diffuse radio sources in galaxy clusters: radio halos and giant radio relics.
Halos and relics have different properties and presumably also a different origin. Radio
halos are classified in giant (Figure 11) and mini radio halos (Figure 15), peaking in in-
tensity near the centre of galaxy clusters and having good spatial coincidence with the
distribution of the hot X–ray emitting gas. Radio relics (Figure 16) are typically elongated
and located at the cluster periphery. Some clusters include both. The two classes of ra-
dio sources differ also in their polarization properties. Halos are generally unpolarised,
while relics are strongly polarised. Synchrotron polarisation in the relics is a signature of
significant anisotropy in the magnetic field on large scales, probably due either to com-
pression (e.g., shocks) or possibly to shear (e.g., tangential discontinuities). The absence of
observed polarization in radio halos and their morphological connection with the thermal
X-ray emission suggest that the relativistic plasma that generates that synchrotron radiation
occupies a large fraction of the volume filled by the hot X-ray emitting ICM.
Faraday rotation measurements and limits to ICS X-rays (and γ-rays) indicate that the ICM
is magnetised at µG levels204 (Sects. 4.1, 5), in which case the relativistic CRe emitting
in the radio band have energies of a few GeV (Lorentz factor γ ∼ 104) that have life-
times ≈0.1 Gyr in the ICM (Sect. 3, Figure 8). This short life-time, combined with the
excessively long time that is needed by these CRe to diffuse across a sizable fraction of the
Mpc-scale of the observed emissions, requires that the emitting particles in halos and relics
are continuously accelerated or generated in situ in the emitting regions;119 this is known
as the diffusion problem.
The hierarchical sequence of mergers and accretion of matter that leads to the formation
of clusters and filaments dissipates enormous quantities of gravitational energy in the ICM
through processes on microphysical scales. Even if a small fraction of this energy is con-
verted into CRs acceleration we may expect non-thermal emission from galaxy clusters
and from the Cosmic Web more generally. Cluster-scale radio sources may probe exactly
this process and consequently they are extremely important crossroads of cosmology, as-
trophysics and plasma physics. However, the very low radio surface brightness of the Mpc-
scale radio sources in galaxy clusterso, combined with their steep radio spectra (average
values reported for α are in the range 1.2–1.4), make their detection difficult.38, 218, 219
Presumably this implies that we are currently detecting only the tip of the iceberg of the
non-thermal radio emission from the Cosmic Web,220 which also implies that current ob-
servational classification is possibly subject to a revision in the next years (for observational
hints of diffuse emission on possibly very large scales, such as radio bridges and complex
emissions, see also38 and ref. therein).
Theoretically several mechanisms that are directly or indirectly connected with the forma-
tion of galaxy clusters may contribute to the origin of the observed radio emission. In this
respect it is commonly accepted that radio halos and relics are due to different mechanisms
and consequently probe different pieces of the complex physics in these environments.
Specifically giant radio halos probably trace turbulent regions in the ICM where particles
are trapped and accelerated by some mechanism, while, on the other hand, radio relics
o∼ 1µ Jy arcsec−2 at 1 GHz
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are associated with cosmological shock waves where particles can be accelerated. As dis-
cussed in Sect 2.2 shocks and turbulent motions in the ICM are tightly connected, and this
ultimately may provide a possible physical link between relics and halos.78
4.1. A brief note on B estimates in the ICM
In the following Sections we shall use cluster-scale radio sources as probes of the physics
of CRs in the ICM. The origin and distributions of magnetic fields in galaxy clusters are not
the main focus of our review. However, for clarity we briefly comment on the current ideas
for the origin of magnetic fields in these systems. In particular, they rely on the possibility
that seed magnetic fields, of cosmological origin or injected in the volume of galaxy clusters
by galaxies and AGNs, are mixed and amplified by compression and stretching through
accretion and turbulent-motions induced by shocks and clusters dynamics.8, 75, 76, 125, 221–226
However, given the importance of ICM magnetic field strength estimates from Faraday
rotation in constraining CR populations, it is appropriate here to outline briefly how they
are currently obtained. They depend, of course, on the circular birefringence at radio fre-
quencies of a magnetized plasma. Propagating through such a medium, the plane of linear
polarization (generally in synchrotron emission) rotates through an angle χ = RM× λ 2,
where RM = 812
∫ L
0 neB‖dl rad/m
2, with B‖ the magnetic field component along the line
of sight in µG, ne is the electron number density in units of cm−3, and dl the differen-
tial path in kpc. Examination of the wavelength variation in polarization seen through the
ICM is used to measure distributions of RM across the observed sources. The RM distri-
bution carries essential information about the ICM magnetic field strength and structure
when combined with X-ray data to establish the electron density distribution. As already
noted (Sects. 2-3), the ICM magnetic field is expected to be turbulent. In that case B‖ will
fluctuate (around zero if the turbulence is isotropic), reducing the mean rotation measure,
< RM >, towards zero if the mean aligned field vanishes, but adding a nonzero dispersion,
σRM = 812n¯eσB‖Λ
√
L/Λ, where n¯ the mean number density, σB‖ the rms strength of the
line-of-sight magnetic field, L the path length, and Λ = (3/2)LB , with LB the 3D corre-
lation length of the magnetic field.227, 228 The units are the same as before. In practice the
magnetic field estimates depend on estimations for σRM (or sometimes RMRMS) and Λ. Ac-
curacies in these are controlled by limited statistics in the RM distribution (since available
coverage of the ICM is generally rather sparse), by the indirect connection between the 2D
RM coherence scale and the 3D magnetic field correlation scale, LB (but see229), and often
by uncertainties in the total ICM path to a polarized source, if it is embedded. Typically,
RM samples are taken from several moderately extended background and embedded syn-
chrotron sources distributed across an area comparable to or larger than the cluster core. By
adopting simple models for the systematic radial scaling between the magnetic field and the
ICM density, along with simple parameterization of the magnetic field turbulence spectrum
several such analyses have been conducted, with typical resulting central ICM magnetic
field values B0 ∼ 1− few µG.204, 205, 229–235 While uncertainties in individual cluster re-
sults are probably at least a factor ∼ 2, the general pattern of results seems fairly robust.
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Fig. 11. Radio images of giant radio halos (contours) overlaid on the thermal X-ray emission of the hosting
clusters. Images are reported with the same physical scale (credits : Giacintucci in prep. for A2163,210 for A520
and A665,211 for A2744).
4.2. Giant Radio Halos
Returning to CRs, we note that two principal mechanism proposals are presently advo-
cated to explain the origin of CRe emitting in giant radio halos: i) (re)-acceleration of
relativistic particles by MHD turbulence in the ICM14, 15, 44, 45, 138, 162, 163, 173, 174, 236, 237 and,
ii) continuous production of secondary electron-positron pairs by inelastic hadronic colli-
sions between accumulated CRp and thermal protons in the ICM,19, 23, 24, 46, 238, 239 and their
combination.172, 177
The hadronic scenario is based on the physics described in Sect. 2.3 and allows one to re-
solve the slow diffusion problemp, because CRe are continuously injected in situ throughout
the ICM. Also the morphological connection between radio and X-ray emission in galaxy
clusters can be explained by this scenario because the X-rays trace the thermal matter that
provides the targets for the hadronic collisions. An unavoidable consequence of this sce-
nario is the emission of γ-rays due to the decay of pi0 that are produced by the same decay
chain that is responsible for the injection of secondary CRe (Sect. 2.3).
pAs mentioned before, slow CR diffusion in the ICM is incompatible with unavoidably rapid electron energy
loss rates unless observed electrons are injected or accelerated throughout radio halo volumes.
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The turbulent acceleration model is based on the physics described in Sect. 2.2.2 and as-
sumes that turbulence is generated strongly during cluster mergers and that a fraction of
its energy is dissipated into (re)acceleration of CRe via Fermi II –type mechanisms. In this
case the slow diffusion problem is also solved, because the emitting CRe are (re)accelerated
in situ, for a fairly long period (of about 1 Gyr) by merger–induced turbulence that is as-
sumed to fill a substantial fraction of the volume of clusters. The most obvious expectation
of this model is a tight connection between giant radio halos and cluster mergers, because
of the finite decay time for merger-generated turbulence. According to this model radio
halos could have complex, spatially varying (and potentially very steep) spectra due to the
breaks and cut-offs that are produced in the spectrum of the emitting CRe as a result of the
balance between (spatially varying) acceleration and cooling (Sect. 2.2.2, see also Fig. 7).
4.2.1. Observational milestones and origin of giant radio halos
Pioneering studies using Arecibo and the NVSS and WENSS radio surveys suggested that
radio halos are not common in galaxy clusters.240–242 Current observations show that not
all clusters have diffuse radio emission, with only ∼ 1/3 of X-ray luminous systems host-
ing giant radio halos. This provides one of the most relevant constraints for understanding
the origin of CRe in radio halos. In this respect an important step has been achieved in the
last few years, thanks to meter wavelength radio observational campaigns at the GMRTq
combined with observations at higher radio frequencies and in the X-ray band.68, 243–247
The high sensitivity surveys with the GMRT found that clusters with similar thermal X-ray
luminosity, and presumably similar mass, branch into two populations, one hosting radio
halos and a second one with no evidence for halo-type cluster-scale radio emission at the
sensitivity level of current observations35, 248 (Figure 12, left). Related to this finding, an-
other observational milestone that has been achieved in the last decade is the connection
between giant radio halos and the dynamics of the hosting clusters, with halos always found
only in merging systems.38, 249 Firm statistical evidence of that has been recently obtained
from combined radio – X-ray studies of galaxy clusters in the GMRT surveys68, 246 (Figure
12, right). These studies have shown that the generation of giant radio halos occurs during
mergers between galaxy clusters. This leads to a number of possible physical interpreta-
tions. The most obvious are that turbulence generated during cluster mergers may rapidly
accelerate CRs (Sect. 2.2.2)35, 236, 248 or that the cluster magnetic field can be amplified
by the turbulence during these mergers.239, 250 Less obvious hypotheses to connect halos
and mergers have been proposed, including the possibility that spatial diffusion or stream-
ing of CRs plays a role in modifying the level of synchrotron emission in galaxy clusters,
provided that the diffusion or streaming depends strongly on the dynamical state of the
cluster.46, 192 More recent studies attempt to better constrain the occurrence of radio halos
in galaxy clusters by selecting clusters using the SZ-effect,251 that is a better indicator of
cluster mass with respect to the clusters X-ray emission.6 The combination of the GMRT
surveys, mentioned above, with the Planck SZ catalog252 shows that clusters branch into
qhttp://gmrt.ncra.tifr.res.in/
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
36 G. Brunetti & T. W. Jones
two populations (radio halos and limits) also in a radio–SZ diagram (although this bimodal
behaviour appears weaker than that in X-ray diagrams), and that the two populations corre-
late with the cluster dynamics246 as in previous X-ray based studies. However the fraction
of clusters hosting radio halos using SZ selected samples appears larger than that measured
using X-ray clusters samples.253 That may be due to the combination of a distinct time
evolution of the SZ ad X-ray signals from the ICM during cluster mergers and a bias to-
ward cool-core systems in X-ray selected samples,253 and opens to complementary ways
to study the connection of thermal and non-thermal components in galaxy clusters.
Fig. 12. Left panel: distribution of galaxy clusters of the GMRT sample”244 in the radio power – X-ray luminos-
ity diagram, showing that clusters branch into two : giant radio halos (the merging systems in the left panel of the
figure) and off state”, undetected, systems (the relaxed systems in the left panel of the figure) (adapted from248).
Right panel: distribution of galaxy clusters in the centroid-shift variance w vs power ratio P3/P0 diagram. Mergers
are expected in the top-right panel, relaxed systems in the bottom-left panel. Clusters hosting giant radio halos are
reported in red (adapted from68).
The existence of a connection between thermal and non-thermal ICM components is also
highlighted by point-to-point correlations discovered between the synchrotron brightness
of giant radio halos and the X-ray brightness of the hosting clusters38, 254 and, in the case
of the Coma cluster, between the Compton y-parameter and the radio brightness.255 These
correlations have been used to claim that the spatial distribution of CRs in galaxy clusters is
generally broader than that of the thermal ICM, with implications on the physics discussed
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in Sect. 3.2. In addition a number of authors have identified the very broad (flat) spatial
profiles of giant radio halos as a potential challenge for a purely hadronic origin of these
sources, because in some cases a large, or radially increasing, energy density of CRp and/or
magnetic field is required to generate the observed radio emission from radially distant, low
target- ICM density, regions.255–259, 274 Potential constraints on the thermal – non-thermal
connection and on the physics of radio halos also come from possible trends between the
local synchrotron spectral indices and ICM temperatures.38 Still, these relationships are
only hints at the full picture. Only future radio observations that combine extreme bright-
ness sensitivity and high angular resolution, for example using the SKA and its precursors,
will provide the opportunity to exploit adequately the physical information encoded in the
above correlations, including the interplay between particle acceleration and transport in
the ICM and their connections with the magnetic field properties.
Important constraints on the origin of giant radio halos already come from the com-
bination of radio and γ–ray observations. Current upper limits to the γ-ray emission from
galaxy clusters, including clusters hosting radio halos, (Sect. 3.3, Figure 10) put especially
stringent constraints on the role of hadron-hadron collisions and their secondary products
for the origin of these sources. Specifically, this information can strongly constrain cluster
magnetic field requirements. From eq.(17), (19) and (21) the ratio of synchrotron luminos-
ity from secondary CRe and γ-ray luminosity due to pi0 decay depends on the magnetic
field strength in the ICM as,
Psyn
Pγ
∝
〈 B1+α
B2+B2IC
〉
, (26)
where < .. > indicates an emission-weighted quantity and α is the synchrotron spectral
index. Consequently, γ-ray upper limits derived for clusters hosting giant radio halos pro-
vide corresponding lower limits to the strength of the magnetic field in the volume occupied
by radio halos. For a few giant (and nearby) radio halos, including their prototype in the
Coma cluster, current limits challenge a pure hadronic origin, because the values allowed
for the magnetic fields are inconsistent (or in tension) with those estimated from studies
based on Faraday rotation measures.260–262 Figure 13 (left) shows the case of the Coma
cluster radio halo, where the allowed region for the magnetic field is derived within a pure
hadronic model by combining the Fermi-LAT limits with both the spectrum of the halo and
its brightness distribution at 330 MHz.262 In other words, assuming that rotation measures
give a relatively fair view of the magnetic fields in clusters (Sect. 4.1, Fig. 13) and more
explicitly do not seriously underestimate their strengths, the energy budget required for the
CRp component to explain radio halos in the context of hadronic models is larger than that
allowed by the existing limits to the cluster γ-ray emission.
The spectra of radio halos provide crucial information for the origin of the emitting
CRe in the central Mpc-region of the hosting clusters. The accurate measurement of the
integrated spectra of radio halos is a difficult task. Radio halos usually embed a number of
individual sources and, sometimes, projected foreground and background sources, whose
flux density needs to be carefully subtracted from the total diffuse emission. This requires
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Fig. 13. Left panel: the allowed region for the central magnetic field B0 – η parameter (defined in the bottom
of the panel) derived from the combination of Fermi-LAT limits and the properties of the radio halo at 330 MHz
(blue region), is compared with that derived from the analysis of RM (red region) (adapted from262). Right panel:
the spectrum of the Coma halo (empty points at 2.7 and 4.8 GHz are corrected for the SZ-decrement). The inset
is the spectrum of the Coma halo (corrected for the SZ decrement) extracted using an aperture of 13 (lower-blue)
and 17.5 arcmin radius (upper-red). The spectra show the steepening at higher frequencies (adapted from266).
high quality imaging over a range of resolutions. Moreover, because of their steep spectra,
diffuse cluster sources are best imaged at low frequencies. High quality, high resolution
imaging at frequencies below 1.4 GHz has become available only very recently. For this
reason, a meaningful spectrum with data points at three or more frequencies spread over ∼
1 order of magnitude is currently available only for a few objects, e.g.218
The radio halo in the Coma cluster is the prototype of this class of radio sources.5, 263, 264 It
is a unique case, with spectral measurements spanning almost 2 orders of magnitude in fre-
quency265(Figure 13, right). The measured spectrum significantly steepens at frequencies
above about 1 GHz. A power-law that fits the data at lower frequencies overestimates the
(SZ-corrected) flux measured at 2.7 and 5 GHz by factors of 2 and 3, respectively.266 This
suggests a break (or cut-off) in the spectrum of the emitting CRe at a maximum energy,
Emax, around a few GeV. Establishment of the steepening of the spectrum of the Coma
halo is an observational milestone, because it allows one to estimate the acceleration time-
scale (or equivalently the efficiency) of the mechanism responsible for the origin of the
CRe responsible for the radio halo. The maximum energy of accelerated CRe is given by
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the competition between the acceleration rate and (for observable, GeV electrons) radiative
losses. From eq. (22) the lifetime of radio-emitting CRe using viable magnetic fields in the
Coma cluster is τe ∼ few× 108 yrs, which is then also the time-scale of the acceleration
mechanismr. The existence of this spectral break implies that the mechanisms responsible
for CRe acceleration must be of relatively low efficiency (long acceleration time-scale),
or alternatively that they must intrinsically produce a break in the distribution of CRe at
Emax ∼few GeV.
In the case of turbulent acceleration (Sect. 2.2.2) we can roughly estimate an acceleration
time-scale (see eq. (15) with δB2/B20 ∼ V2t /c2s )
τacc ∼ p
2
Dpp
∼ c l
v2t
, (27)
where Vt is the ICM turbulent velocity. With l ∼ kpc and Vt ∼ 100 km s−1 the accelera-
tion times, τacc ∼ 108 yrs, providing a relative match at energies Emax ∼few GeV between
acceleration and cooling. The spectrum of higher energy electrons will be steepened by the
increasing relevance of cooling (see Figure 7 for a representative re-accelerated spectrum),
thus leading to the observed break in the radio synchrotron spectrum at a frequency
νmax ≈CSY NE2maxB ∝
D2ppB
(B2+B2IC)
2 . (28)
where CSY N ∼ 2× 107 if frequency, energy and magnetic field are measured in Hz, GeV
and µG, respectively.
Schlickeiser et al (1987)267 first realized the importance of the measurements of the spec-
trum of the Coma radio halo and indeed suggested an origin of the CRe based on stochastic
acceleration due to turbulence, disfavouring other mechanisms that included the generation
of secondary electrons by hadronic collisions. In this latter case the CRe spectrum extends
in principle, to very high energies, if CRp extends to very high energies (say ECRp > 100
GeV), as indeed expected from the discussion in Sect. 2. Therefore, no intrinsic cut-off
would be expected in the radio spectrum.25, 96
Spectral behaviours qualitatively similar to that of the Coma halo are expected in other ra-
dio halos if they are powered by turbulent acceleration. However, the generality of this be-
haviour is still unclear from the observational side, because of the observational difficulties
in obtaining reliable measurements of radio halos spanning an adequately large frequency
range. As a matter of a fact, the spectra of most giant radio halos are constrained by only
a few data-points (typically 2-3) spanning less than one order of magnitude in frequency
range, and are consistent with a simple power laws. Most importantly, however, in the last
decade it has been found that the observed values of the slopes of the integrated spectrum
rThis match applies, provided the acceleration process operates for a time-period that is not short compared
to the required acceleration time-scale (energy doubling time). Otherwise, a balance between acceleration and
losses obviously cannot be achieved.
ssee however e.g.268, 269 for A2256
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of radio halos span a broad range of values, α ∼ 1− 2 (F(ν) ∝ ν−α , e.g.38, 211, 218). This
implies (at least) that the synchrotron spectrum of radio halos is not a universal power law,
and puts constraints on the mechanisms responsible for the acceleration of the CRe. Partic-
ularly stringent constraints derive from halos with extreme spectral properties, α ∼ 1.5−2.
In these cases the energy budget of CRs that would follow from the assumption that the
energy distribution of CRe is a power law extending to lower energies, is unacceptably
large.15, 24, 257, 270, 271 One possibility is that the spectrum of the emitting CRe breaks to-
wards high energies, producing a very steep radio spectral shape within the observed fre-
quency range. This requires, of course, that such a break in the CRe spectrum is formed at
suitable energies (i.e., in the GeV range responsible for the radio emissions).15, 272 Under
this hypothesis the constraints on the acceleration mechanisms are similar to those derived
above for the Coma radio halo.
4.2.2. Open problems and Future Efforts
Despite the discussion above (and in Sect. 2.2.2) that provides arguments that are consistent
with the hypothesis that giant radio halos trace turbulent regions in merging clusters and
possibly originate due to (some type of) turbulent-related mechanism of CRs acceleration,
many important points are still open. First of all, the role of secondary CRe is still unclear. It
is true in the case of several radio halos that γ-ray limits and arguments connected with the
observed radio spectra (and brightness distributions) seriously challenge a purely hadronic,
simply injected e± population for the observed emission. However, it is also fair to say
that in general the existing data are still insufficient to discriminate clearly among different
more complex scenarios. Most important, secondaries will exist at some level, since CRp
are virtually certain to exist in clusters and will undergo inelastic collisions with the ther-
mal ICM (Sects. 2.3 and 3). Consequently Mpc-scale radio emission should be generated
at some level in “all” clusters with luminosities that should vary depending on the cluster
dynamical histories (e.g., accretion shock histories) and/or magnetic properties (e.g., his-
tories of magnetic flux injection and amplification).23, 36, 239, 273, 274 In this respect future
radio surveys with sensitivities to diffuse cluster-scale emission much better than current
surveys, will provide unique and critical constraints to the role played by secondaries. For
reference, Hybrid models, that assume radio halos to be generated by the (re)acceleration
of secondary particles by turbulence in cluster mergers,172, 177 predict that secondaries gen-
erated in more relaxed systems produce radio emission with luminosity marginally smaller
than current upper limits in Figure 12.36, 172
Future radio surveys are likely to produce a big step forward in our understanding of the
formation and evolution of radio halos. The measure of the formation rate of radio halos
in galaxy clusters and its dependence on the cluster thermal properties (dynamics, mass,
temperature etc) provides unique information on the physics of these sources. One of the
main limitations of current studies is that only X-ray luminous clusters have been scruti-
nized with adequate radio observations, whereas only very poor information is available
for less luminous systems38, 219 that are expected to host fainter halos according to the cor-
relation in Fig. 12. A similar limitation applies also to the most recent studies that focus
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Fig. 14. Radio luminosity functions of giant radio halos at z= 0−0.1 predicted by different models at 1.4 GHz
(right) and 120 MHz (left). Blue lines are based on turbulent re-acceleration models (solid line) and secondary
emission (thin dashed lines) from ‘off state” systems (i.e. undetected halos in Fig. 12); the thick dashed-lines
represent the sum of the two contributions (adapted from273). Red-solid lines are from,276 while the red-points
are from numerical simulations by274 that are based on secondary models and assume that 10% of systems host
radio halos (note that those simulations include both giant and mini halos). The blue region in the left panel shows
the contribution to the luminosity function at 120 MHz due to very steep spectrum halos that are predicted in
the turbulent re-acceleration model and do not contribute at higher frequency. The nominal sensitivity level of
LOFAR and EMU/WODAN surveys is also reported.
on mass-selected cluster samples, that are based on SZ-catalogs, that are indeed limited to
cluster masses M500 ≥ 6×1014M.246 These limitations are due to the limited sensitivity of
present radio observations, but soon will be eliminated thanks to a new generation of radio
telescopes, such as LOFAR, ASKAP, and in the longer period, the SKA, that will survey
the sky with unprecedented sensitivities to the cluster scale diffuse emission.
LOFAR and, to a somewhat lesser extent, MWA and LWA, will be particularly im-
portant because they will observe at lower frequencies, between 10 MHz and 200 MHz,
stepping into a basically unexplored frequency range. LOFAR observations and their com-
bination with JVLAt observations and, for nearby radio halos, observations with single
dish radio telescopes (such as GBT and Effelsberg), will allow derivation of spectral mea-
thttps://science.nrao.edu/facilities/vla
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surements of radio halos over unprecedented, wide frequency coverage, thus providing
crucial constraints on theoretical models. In particular, one of the most intriguing theoret-
ical hypotheses is the existence of radio halos with very steep spectra that are undetected
by radio surveys at higher frequencies and that should be discovered by observations at
lower frequencies.15, 272, 273, 275 Such a hypothesis is based on turbulent acceleration mod-
els that predict that less energetic merger events (less turbulent) generate radio halos with
very steep spectra. Since these less energetic mergers are more common, one can speculate
that steep spectrum halos constitute a large population of halos that is presently invisi-
ble. According to present calculations that use the crude assumption that a fixed fraction
of the cluster-merger energy goes into MHD turbulence available for particle acceleration
on Mpc-scale, the LOFAR surveys should detect about 500 new radio halos. About half
of these halos should have very steep spectra.273, 275 Despite their still-early development
and need for greater sophistication, current models have been able to make some notable
predictions u. For instance, re-acceleration models predict that the shape of the Luminos-
ity Functions of radio halos change with observing frequency due to the contributions of
the expected population of steeper-spectrum halos at lower frequencies (Figure 14). This
differs from predictions based on other scenarios, including the hadronic model, where all
halos should have to a first approximation similar spectra (independent of the mass of the
hosting clusters and of the energy released during mergers), and provides a valuable way
to put constraints on the origin of these sources with future radio surveys. In particular,
as shown in Figure 14, the most powerful way will be probably the combination of LO-
FAR surveys, at low frequencies, with future surveys with ASKAP or Apertifv, at higher
frequencies.
4.3. Mini Halos
In addition to the disturbed, merging clusters that have been found to host giant radio ha-
los, a number of relaxed, cool-core clusters host faint, diffuse radio emission with a steep
spectrum and a size comparable to that of the cool-core region38 (Figure 15), so substan-
tially smaller than the giant halos. As a first approximation one might have thought these
sources as a version of giant radio halos scaled on smaller scales of the order of few 100
kpc in size rather than Mpc size. However, the two classes of radio sources show prominent
differences. First of all, in clear contrast to giant radio halos, mini halos are always found
in dynamically relaxed systems suggesting that cluster mergers do not play a major role
for their origin. Also the synchrotron volume emissivity of mini halos differs from that of
giant halos, being typically larger.277, 278 Whether the underlying physical mechanisms that
accelerates the CRe in mini halos differ substantially from the analogous mechanisms in
giant radio halos is still unclear. Clusters hosting mini halos always have central radio-loud
AGNs exhibiting outflows in the form of radio lobes and bubbles inject CRe into the central
uWe note that, independent of the theoretical scenario that is adopted for the origin of radio halos, predictions
of the formation rate of radio halos and their number counts are severely limited by uncertainties in the properties
of cluster magnetic fields - including their evolution with cluster mass and cosmic epoch - and CR dynamics.
vhttp://www.astron.nl/general/apertif/apertif
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Fig. 15. Images of radio mini-halos (contours) and the X-ray emission from the hosting clusters (colors). Cred-
its:212 for RXCJ1532, A2204, A478, Giacintucci in prep. for RXCJ1720, and213 for Perseus.
regions of galaxy clusters (Sect. 2.1). In principle these AGNs could represent the primary
source of the CRs in mini halos, however they are not sufficient by themselves, at least
without some dynamical assistance, to explain the diffuse radio emission. In particular, a
slow diffusion problem once again exists for mini halos; that is, the energy loss time scale
of the radio emitting CRe is still much shorter than the time needed by these particles to
diffuse efficiently across the emitting volume.
Similarly to giant halos, two physical mechanisms have been identified as possibly
responsible for the radio emission in mini halos: i) re-acceleration of CRe (leptonic models
or re-acceleration models) and ii) generation of secondary CRe (hadronic or secondary
models).
According to leptonic models mini halos originate due to the re-acceleration of pre-existing,
relativistic CRe in the ICM by turbulence in the core region, e.g.279 So, this model is similar
in character to the turbulence model for giant halos, except that the responsible turbulence
is concentrated in the cluster core region. In this case obvious sources of the seed CRe are,
for example, the buoyant bubbles that are inflated by the central AGN and disrupted by
gas motions in the core.121, 122, 277 A key question in this model is the origin of the turbu-
lence responsible for re-accelerating the electrons. Unlike giant halos, merger shocks and
Mpc-scale motions/flows would not be candidates. Gitti et al.(2002)279 originally proposed
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that the cooling flow of gas inward within the core could generate the needed turbulence.
More recent X-ray observations however have shown that these “classical cooling flows”
do not materialize, e.g.280 On the other hand, observations suggest that even relatively re-
laxed clusters have large-scale gas motions in their cores at significant fractions of the local
sound speed. The clearest observational signatures of these gas motions are spiral-shaped
cold fronts seen in the majority of cool-core clusters.281 These cold fronts are believed to be
produced by the cold gas of the core sloshing in the clusters deep potential well, in response
to passing dark matter subhalo motions, for example. Those sloshing motions, can advect
ICM across the cluster core and can also produce turbulence there.132, 282–284 Remarkably,
a correlation between radio mini halos and cold fronts has been discovered in a few clus-
ters and has been used to suggest a connection between radio mini halos and turbulence
generated by the sloshing motions.285 Recent simulations286 support this hypothesis and
have shown that the motions and turbulence generated by core sloshing in galaxy clusters
can re-accelerate and spatially redistribute seed CRe. Those CRe and magnetic fields am-
plified at the same time produce radio emission that resembles mini halos, being diffuse,
steep spectrum, and connected with the spatial features of the X-ray emitting gas. As noted
early in this review, AGN activity also can dump considerable kinetic energy into the ICM
and drive cluster-core scaled ICM motions (Sect. 2.2.2). While these motions can mix CRe
into ICM relatively near the AGN outflows, larger scale flows, such as sloshing are prob-
ably necessary for those CRe to become broadly distributed across the full cluster cores.
Current observational information on turbulent motions in cool cluster cores coming from
X-ray emission lines is limited by relatively poor available spectral resolution. In the few
cases of compact cool cores the turbulent velocities have been constrained and the turbulent
pressures (due to fluctuations on scales much smaller than the size of these compact cores)
are found to be less than ∼ 10% of the thermal pressures.287, 288 Future observations with
ASTRO-H will provide much better constraints as they will be able to reveal the presence
of small-scale turbulence (with velocities down to about 100 km/s) from the study of X-ray
lines.154, 155
The second mechanism proposed for the origin of mini halos is, just as for giant halos,
based on the generation of secondary particles via inelastic collisions between CRp and
thermal protons.24, 239, 274 In this case the primary CRp could be provided by the central
AGN and then advected, streamed or diffused across the cluster core. In this case an inter-
esting issue is the possible connection between these CRp, which ultimately generate the
observed mini halos in this picture, and the heating of the ICM in the region of the cool
core. Colafrancesco & Marchegiani (2008)289 proposed a scenario where the cooling of the
gas in the cool cores is balanced by the heating due to the CRp via Coulomb and hadronic
interactions. In order to balance the cooling of the gas, these models assume that CRs in
cool cores carry a substantial fraction of the energy of the ICM, a condition that however is
ruled out by current γ-ray observations that put severe limits to the energy budget of CRs
(Sect. 3.3) in core regions.33 More recent approaches that model the CRp-driven heating
mechanism rely on the possibility that CRp streaming and the related generation of MHD
waves can heat the ICM in the cool cores with an efficiency that may be much larger than
that due to Coulomb and hadronic interactions.290, 291 Under this hypothesis several calcu-
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lations have derived consistent pictures of cool-core heating and generation of radio mini
halos.292
Discrimination between a leptonic and hadronic origin of radio mini halos is very chal-
lenging due to severe limitations of current observational constraints. Although a corre-
spondence between radio mini halos and cool core clusters is well established, current
radio studies do not provide an exhaustive view of the occurrence of radio mini halos in
galaxy clusters more generally. For example, it is still not clear whether these radio sources
are common or rare in cool cores.212 In addition, γ-ray upper limits from the Fermi satellite
and ground based Cherenkov telescopes are not yet deep enough to put strong constraints
on the origin of these radio sources. For example, these limits do not put significant ten-
sion on a purely hadronic origin of mini halos.27, 31 Generally, in comparison with the case
of giant halos, the combination of radio and γ-rays constraints are less restrictive for mini
halos, because the ratio of γ-ray luminosity to radio luminosity is smaller. This is due to
the fact that the likely value of the average magnetic field in the much smaller and more
central volume occupied by mini halos is larger than that in the much bigger volume of
giant halos (see eq. 26). In addition, we note that for the best test case, the mini halo in the
nearby Perseus cluster, the presence of strong γ-ray emission from the central radio source
3C 84 (NGC 1275) does not allow one to put stringent limits on the diffuse emission from
the cluster core in the critical 0.2-10 GeV band.30
One possibility to discriminate between different models is to look for differences in
the integrated spectrum and spectral index maps. For example, compelling evidence for
very steep spectra and/or for the existence of spectral breaks at high frequencies would
favour a re-acceleration scenario rather than a hadronic origin in the mini halos. Similarly
to the case of giant halos, current mini halo radio observations cover too short a frequency
range to constrain spectral curvatures. Furthermore, the fractional contribution to the ob-
served flux that is provided by discrete radio sources embedded in the halo volume is larger
for mini halos, making good spectral measurements more challenging than in the case of
giant halos.38, 212 Better spectral constraints might come from future observations at low
(e.g. with LOFAR) and higher (JVLA) radio frequencies. These radio telescopes, and their
combination, should allow deeper imaging, with unprecedented dynamic range, and mea-
surement of the diffuse synchrotron spectrum over a fairly wide frequency range.
4.3.1. A connection between giant and mini radio halos ?
An obvious, interesting question is whether there is any connection between mini halos
and giant radio halos or do they have independent physical origins? Despite the apparently
distinct population distributions, there are, in principle, several arguments in support of a
possible connection. Indeed, one could argue that the driven flows and turbulent motions
that destroy the ICM cores of clusters during merger could also transport and re-accelerate
CRs on larger, Mpc, scales. This, in fact, is a “generic” candidate-scenario that we propose
to switch off bright mini halos and to begin powering giant radio halos in dynamically active
systems. In this scenario complex situations where a central mini-halo is embedded in a
lower brightness radio emission on larger scales should exist in dynamically “intermediate”
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systems; Abell 2142 could be one example.219, 293
In a recent work Zandanel et al.(2013)274 proposed that mini-halos are primarily of
hadronic origin, while giant radio halos experience a transition from central hadronic emis-
sion to leptonic emission component in the external regions due to CRe re-acceleration.
Potentially, also diffusion and advective transport of CRs in the ICM can induce an evo-
lution from mini to giant halos (and vice-versa), assuming that this process is sufficiently
fast (i.e., ≤ Gyr) on spatial scales of clusters coresw. A similar evolution could be driven
by the evolution (amplification and dissipation) of the magnetic field in the cluster core and
periphery in response to mergers.239, 250
Observations with the next generation of observational facilities and similar advances
in numerical simulations will hopefully clarify these issues in the near future.
4.4. Giant Radio Relics
Some merging clusters host peripheral, giant radio relics. As in the case of giant radio halos,
a few tens of giant relics have been discovered so far. Radio relics differ from radio halos
in the morphologies, peripheral locations and polarization (typically being up to 30% level
in integrated linear polarization)38 (Figure 16). These properties provide a clear starting
point in establishing their origin. Specifically, there is broad consensus that the giant radio
relics trace shocks outside cluster cores, probably relatively strong merger shocks, where
the emitting CRe can be accelerated or re-accelerated.23, 39, 97–99, 196, 214, 294–300 This model
is based on the physics described in Sect. 2.2.1.
In addition to probing the origin of CRs in galaxy clusters, relics are also important probes
of the magnetic field properties in the ICM periphery, as they are found at distances up to a
large fraction of the cluster virial radius, e.g.39
4.4.1. Shock–relics connection
The association between giant radio relics and shocks is based partly on the usually elon-
gated morphologies of the relics, consistent with a shock seen relatively edge-on. In addi-
tion, the fact that in some cases the relics occur in pairs on opposite sides of the cluster
core214, 216, 294, 301 is telling, since emerging merger shocks should form in such pairs. In
those paired relic cases a line between the relics is typically consistent with an apparent
merger axis, as established by other observations, such as in the X-rays. In addition, the
fact that relics are strongly polarized with an orientation that generally implies the mag-
netic field is aligned with the long axis of the relic, suggests that they originate in regions
where the magnetic field is compressed in the shock plane.39, 214, 302 Most important, in a
number of cases merger shocks that have been detected using X-ray observations coincide
closely with radio relics (or with sharp edges of radio halos) reinforcing the idea of a di-
rect connection between shocks and the acceleration of the radio emitting CRe in those
regions.78, 303–310
wStreaming has also been proposed to explain the bimodality of giant radio halo populations46, 192
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Fig. 16. Images of giant radio relics (contours) overlaid on the X-ray emission from the hosting systems (colors).
The three radio relics are reported with the same physical scale. Upper-left and upper-right panels highlight
the high-resolution radio images of the northern relics in CIZA2242 and A3667, respectively (credits:214, 215 for
CIZA2242,216 for A3667,217 for A3376).
Presumably the observed CRe are accelerated or re-accelerated at these shocks. Those
CRe are then advected into the downstream region at the velocity of the downstream flow,
Vd as they cool from ICS and synchrotron losses. This process sets the thickness of radio
relics as seen at different frequencies; the emitting CRe can travel a maximum distance
from the shock = Vdτ , where τ is the radiative life-time of CRe emitting at the observed
frequency νo, τ ∝ ν
−1/2
o . Typically the life-time of CRe radiating in the radio band is of
the order of 100 Myr implying a transverse size of radio relics ∼ 100 kpc for a reference
downstream velocity Vd = 1000 km s−1 and ICS dominated losses (with z∼ 0−0.3). This
is consistent with observations, once projection effects are properly taken into account. In
this case radio synchrotron spectral steepening with distance from the shock front is ex-
pected in radio relics with spatially resolved cross sections as a consequence of the fact
that the oldest population of CRe is also the most distant from the shock. This expecta-
tion is in agreement with several observations that provide evidence for steepening in radio
relics along their transverse direction, from their front to the back.214, 302, 303 Furthermore,
recent analyses have shown evidences for synchrotron spectral curvatures along the trans-
verse dimension of a few particularly favorable relics and also that the curvature increases
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Fig. 17. Left panel: the life-time due to synchrotron and inverse Compton losses of CRe emitting at 330 and
1400 MHz (dashed and solid lines, respectively) as a function of the magnetic field strength in the downstream
region. Calculations are shown for redshift z =0.2 and 0.3 (black (upper) and red (lower) lines, respectively)
(adapted from299). Right panel: the brightness profile of the northern radio relic in CIZA2242 (data-points) com-
pared to scenarios that assume different magnetic fields in the downstream regions and inclination angles. The
inset shows the life time of the emitting particles as a function of the magnetic field and the relationship between
the thickness of the relic, lrelic (distance), the life-time, τloss, and the downstream velocity, Vd (adapted from214).
with distance in the downstream area.311, 312 The life-time of radio-emitting CRe in the
downstream region depends also on the magnetic field, τ ∝ E−1e B1/2/(B2 +B2IC), and the
energy of electrons emitting at frequency νo is Ee ∝ (νo/B)1/2. For this reason the measure
of the transverse size of relics at a given frequency νo, that is = Vdτ , provides also con-
straints on the magnetic field strength in these sources, provided the downstream velocity
is known;299 this is shown in Figure 17. The downstream velocity, Vd = cs(M2 +3)/(4M)
(cs is the sound speed in the upstream region and M is the shock Mach-number), can be
derived from the density/temperature jumps at the shock measured by X-ray observations,
or alternatively from the synchrotron injection spectrum measured at the leading edge of
the relic (assuming this is the location of the physical shock), using αin j = (δin j − 1)/2
(eq.3).
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4.4.2. Open problems & particle re-acceleration at shocks
The above observational facts support a connection between giant radio relics and merger
shocks, suggesting that CRe are energized locally at these shocks and then age in the down-
stream region. However these observations do not tell us more about the physics of the
acceleration mechanisms. Shocks discovered in the X-rays, including those that coincide
with radio relics, are apparently weak, with Mach numbers determined from the X-rays
estimates for density and/or temperature jumps across the shock region, M ≈ 1.5−3.77, 281
High resolution cosmological simulations are consistent with the observational data, sug-
gesting that shocks with M > 3 are rare well inside cluster virial radii.13, 71–73, 79, 313 This,
however, poses a problem for the origin of giant radio relics, because, as discussed in Sect.
2.2.1, weak shocks are expected to be relatively ineffective as particle accelerators, espe-
cially if they are accelerating CR from nonrelativistic energies. This is partly because the
equilibrium DSA spectrum of locally injected CRs in such shocks is quite steep (eq. 3), so
most particles injected at the shock carry away relatively little energy. In addition, thermal
leakage injection is likely to be less effective in weak shocks than strong shocks.91 Using
reasonable parameters for shocks with M ≤ 3, less than ∼ 0.01% of the thermal ion flux
through such shocks should be injected into the CRp population and less than a few percent
of the shock energy flux should be transferred to freshly injected CRp.92, 196 It is important
to keep in mind that all the above efficiencies refer to CRp, while CRe are the particles
observed in radio relics. Again, as pointed out above, primary CRe are much more diffi-
cult to inject from the thermal pool into the CR population than CRp (Sect.2.2.1). In the
galactic CRs NCRe/NCRp ∼ 1/100, presumably reflecting that constraint. An electron frac-
tion even that large, and likely representing DSA at strong shocks, is already a theoretical
challenge. Thus, merger shocks seem very unlikely to inject thermal electrons and then to
accelerate them to relativistic energies with efficiencies high enough to extract more than
a tiny fraction of a percent of the energy flux through the shock.106 Thus, the question is
whether radio relics can be powered by the acceleration of the thermal particles of the ICM
at weak shocks. This may point to an alternate source for the CRe that are available to be
re-accelerated in the shocks by the DSA process.
The synchrotron luminosity that is emitted in the radio band by assuming that a fraction
ηCRe of the kinetic energy flux through the shock-surface, S, is transferred to supra-thermal
(and relativistic) CRe is (see also99):
νoPSyn(νo)∼ 1/2ρuV 3shηCReS(1+(
BIC
B
)2)−1F−1 (α(M)) (29)
where the dimensionless function F is a few for αin j = 0.5 and rapidly decreases for
steeper spectra (weaker shocks, eq. 3). That drop results from the fact that a progressively
smaller fraction of the energy of the accelerated CRe is associated with GeV radio-emitting
electrons at these shocks. Figure 18 shows the radio luminosity (left panel) and luminosity
per unit surface area (right panel) of 25 giant radio relics as a function of their projected
distance from cluster centers (see Figure caption for details). Figure 18 highlights that a
large scatter exists in the radio luminosity of relics at a given distance. This may be due
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to projection effects (namely the relics with lower radio power are seen at large angles)
or it may imply large variations of either the acceleration efficiency, ηCRe, or the magnetic
field strength in radio relics. The most luminous radio relics in Fig. 18 put tension on the
standard scenario where the radio-emitting CRe are accelerated at shocks from the thermal
pool. Indeed if we adopt typical parameters of the ICM at the location of peripheral radio
relics, Vsh ∼ 3000 km s−1 and F ∼ few, Eq. 29 implies that ηCRe ≥ 10−4 is necessary
to generate relics with synchrotron luminosity above ∼ 1041erg/s. For some of the most
Fig. 18. Left panel : the synchrotron radio luminosity (νP(ν) evaluated at 1400 MHz) as a function of projected
distance from cluster center for 25 giant radio relics with unambiguous classification. Data are taken from the
compilations in,38, 42 although we only use the 25 sources that can be “unambiguously” classified as giant radio
relics. Right panel : the synchrotron radio luminosity (νP(ν) evaluated at 1400 MHz) per unit relic-surface area as
a function of projected distance for the same relics in the left panel. Solid lines mark reference radial behaviours
of the kinetic energy flux per unit area through shocks with equal velocity (in arbitrary units); they re obtained
using typical beta-models for the gas-density distribution in the hosting clusters. The pink vertical band in the left
panel marks the typical minimum distance where giant radio relics are found.314
powerful relics in Fig. 18, such as RXCJ0603, A3667 and CIZAJ2242, a Mach number
2.4-3 shock is seen by X-ray observations.307, 309 In these cases if we assume a reference
acceleration efficiency of CRp at weak, M∼ 2−3, shocks of about 1%, e.g.,81 an unusually
large CRe/CRp ratio ∼ 0.1 is required to match the observed synchrotron luminosity.
Another problem faced by the standard scenario where relics originate from shock accel-
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eration of thermal particles is that in several cases the observed radio spectrum is flatter
than that expected from DSA by assuming the Mach number of shocks derived from X-ray
observations (eq. 3).307, 309 For example, the well studied relic in CIZA J2242.8+55301 has
a radio spectra at the putative shock location αin j = (δin j − 1)/2 = 0.6 (so, δin j = 2.2),
implying from eq. 3 a rather large shock Mach number M = 4.6,214 if the radiating elec-
trons represent a locally injected population. On the other hand, X-ray observations with
Suzaku derived a Mach number∼ 3 from the temperature jump at the relic,307 which would
imply αin j ' 0.75. In this respect it is worth mentioning that numerical simulations show
variations of the Mach number over shocks315 that potentially might produce some differ-
ences in the shock Mach numbers derived from X-rays (temperature or density jumps) and
from radio. In this case the radio Mach number would be biased high because synchrotron
emission is likely to be locally stronger in regions with higher Mach number.
In principle, all the challenges discussed above can be naturally circumvented by adopt-
ing a scenario where radio relics are generated by the re-acceleration of pre-existing (seed)
CRe at merger shocks.97, 299, 300 If a pre-existing population of CRs with a hard (flat) spec-
trum passes through such weak shocks, DSA can enhance the energy content of those CRs
by a factor of a few. This makes DSA re-acceleration at merger shocks a relatively more
efficient process.196 Additionally, the re-accelerated particle spectrum is similar to the spec-
trum of the pre-existing population if the latter is flat, so not the classic DSA spectrum for
shock injected CRs given in eq. 3.92, 196 The physical acceleration is still DSA, however;
the change reflects only the assumed source of particles being accelerated. The potentially
higher efficiency of re-acceleration in these shocks is possible because the acceleration time
needed to double the energy of each CR can still be relatively short (see eq. 4). In this case a
model that can account for the observed properties of CIZA J2242.8+55301 could involve
a Mach 2 shock re-accelerating an upstream CRe population with an energy spectral index,
δ = 2.2 and a plausible upstream CRe pressure ∼ 10−4 compared to the upstream thermal
pressure.97 Then the challenge becomes defining acceleration processes just upstream of
the shock (since radiative lifetimes are still very short), such as, e.g., turbulence, that can
account for the CRe population entering the shock (Sects. 2.2.2, 4.2-4.3).
γ-ray upper limits (Sect. 3.3) may provide a complementary way to constrain the origin
of radio relics, because the ratio of γ and radio-relic luminosities essentially resembles the
ratio of the acceleration-efficiency of CRp and CRe at clusters shocks. In principle this also
applies to the case of re-acceleration, as the same shocks would re-accelerate both CRe and
CRp. Their relative abundances are then the principal uncertainty. According to Vazza &
Bruggen (2013),316 by assuming the standard paradigm for the origin of giant radio relics,
based on shock acceleration or re-acceleration, and a “canonical” ratio CRp/CRe, too many
CRp should be produced in galaxy clusters violating current γ-ray limits. One possibility
to reconcile a shock-acceleration origin for radio relics with the current lack of γ-rays from
clusters, would be to assume that cluster shocks accelerate CRe and CRp with an “unusu-
ally” large CRe to CRp energy ratio ≥ 0.1. Apparently, this is in contrast with constraints
based on SNR (which, however, refer to very different environments and strong shocks)
and with several theoretical arguments (Sect. 2.2.1). However recent PIC simulations (that
are focused however on strong shocks) suggest that the configuration of the magnetic field
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may play an important role, with quasi-perpendicular shocks being efficient CRe acceler-
ators.106 This explanation for relics generally, would seem, then, to require magnetically
perpendicular shocks over Mpc scales, or at least perpendicular shock geometry being ex-
ceedingly common. As we will discuss in Section 5.2 an “unusually” large ratio CRe/CRp
at clusters shocks would also have consequences for the γ-ray emission from galaxy clus-
ters produced via ICS.
However, we also mention that another possibility to reconcile a shock-re-acceleration ori-
gin of relics with γ-ray limits is that the spectra of the pre-existing CRe differs from a
power law and breaks at a maximum Lorentz factor γ ∼ 1000; this does not apply to shock
acceleration. In this case re-acceleration from weak shocks could provide high-energy CRe
without accelerating CRp too much, e.g.316 Rather the pre-existing electron population is
“bumped-up” in energy enough at the shock to take it from an invisible to a visible state.
We note that this scenario for the pre-existing CRe is somewhat similar to that assumed
in several calculations of turbulent re-acceleration for giant radio halos (Sect. 4.2 and also
Fig. 7) and could be motivated by the fact that the life-time of CRe in the ICM is maximum
at energies in the range 0.1-0.3 GeV (Fig. 8).
5. High energy emissions from galaxy clusters
Non-thermal high energy emission from galaxy clusters is an unavoidable consequence
of the presence of energetic CRe in the ICM as shown by radio observations (Sect. 4).
High energy emission is also expected from the theoretical scenario of CR acceleration
and confinement discussed in Sects. 2 & 3. Standard mechanisms for the production of
high energy photons from the ICM are supra-thermal bremsstrahlung from supra-thermal
and primary CRe, ICS of seed photons from primary and secondary CRe, and the decay
of pi0 generated by CRp-p collisions. In addition, if ultra-high-energy CRs are present in
the ICM, the CRe produced through the interaction of these CRs with ambient photons
will produce both synchrotron and ICS emission at high energies. In this Section we will
discuss the relevant processes, current observational constraints and future prospects for
hard-X-ray emission and γ-ray emission from galaxy clusters.
5.1. Hard x-ray emission from nonthermal electrons
While thermal emission dominates ICMs in the keV energy range, it declines rapidly at
higher energies, allowing the possibility of detection of non-thermal excess emission at en-
ergies > 10-20 keV. ICS of CMB photons (from both primaries and secondary CRe) and
supra-thermal bremsstrahlung are expected to be the most important mechanisms responsi-
ble for hard X-rays in the ICM.11, 317–320 Their relative contributions depend on the spectral
energy distributions of supra-thermal electrons and more energetic CRe in the ICM. The
formation of prominent hard, supra-thermal tails of electrons in the ICM is difficult, be-
cause Coulomb collisions with the thermal ICM induce a relatively efficient thermalization
of the supra-thermal particles.160, 161, 163 At the same time, however, a population of ultra-
relativistic CRe exists in the ICM, as demonstrated by the diffuse radio sources (halos and
relics) discussed in Sects. 4.2-4.4. Consequently, ICS of CMB photons is an unavoidable
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process that produces some level of high energy emission in galaxy clusters.321 The typi-
cal energy of ultra-relativistic electrons emitting photons observed in the hard X-ray band
(with energy Eph) via ICS of the seed CMB photons is:
Ee(GeV)≈ 3
( Eph
30keV
) 1
2 , (30)
while that of CRe emitting synchrotron radiation, emitted at redshift z and observed at
frequency ν0 is
Ee(GeV)≈ 7
(µG
B
ν0
GHz
) 1
2 (1+ z)
1
2 (31)
which means that the two processes sample pretty much the same population of CRe. More
specifically, by assuming a power law energy distribution of the emitting CRe, in the form
N(Ee) = KeE−δe , both the synchrotron and ICS spectrum are power-laws with slope α =
(δ −1)/2 and the ICS flux received by the observer at frequency νX can be calculated from
the synchrotron flux received at the frequency νR :
FICS(νX ) = 1.38×10−34
(FSyn(νR)
Jy
) (1+ z)α+3
〈B1+αµG 〉
(
νX/keV
νR/GHz
)−α
C (α) (32)
where FICS is in c.g.s. units, 〈. . .〉 denotes the emission-weighted quantity in the emitting
volume and the dimensionless function C is given in Table 1 for different values of α .
Table 1. Numerical values of the function C in eq. 32
α 0.7 0.8 0.9 1.0 1.1 1.2 1.3
C 4.78×102 9.09×102 1.70×103 3.16×103 5.83×103 1.07×104 1.95×104
α 1.4 1.5 1.6 1.7 1.8 1.9 2.0
C 3.55×104 6.45×104 1.17×105 2.11×105 3.80×105 6.83×105 1.23×106
Eq. 32 shows the well known fact that measuring ICS from galaxy clusters in the hard
X-ray band constrains (essentially provides a measure for, if the emission is detected) the
average value of the magnetic field in the emitting region.
The search for diffuse ICS emission from galaxy clusters at hard X-ray energies has been
underway for many years. One of the most persistent discussions of possible ICS detections
involve the Coma cluster that hosts the prototype of giant radio halos (Fig. 1, and Sect.
4.2). Non-thermal hard X-ray excess emission has been claimed from Coma by Rephaeli &
Gruber (1999, 2002)322, 323 with the Rossi X-ray Timing Explorer (RXTE) and by Fusco-
Femiano et al. (1999, 2004)324, 325 with BeppoSAX. However, the detection has remained
controversial.326–330 We note that a '4σ hard X-ray excess emission, at a level consistent
with that in,325 was also found by330 with the Suzaku HXD-PIN assuming a best fit value of
the cluster temperature = 8.2 keV as derived from XMM-Newton data, that was consistent
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
54 G. Brunetti & T. W. Jones
with the temperature adopted in the analysis of.325 However,330 concluded that there was
no statistical evidence for ICS emission within the field of view of Suzaku HXD-PIN be-
cause these authors used an higher temperature, = 8.45±0.06 keV, that was obtained from
a more complex fit combining XMM-Newton and Suzaku HXD-PIN data. Recently Wik
et al.331 performed a joint analysis of 58-month Swift Burst Alert Telescope (BAT) and of
the XMM-Newton EPIC-pn spectrum derived from mosaic observations of the Coma clus-
ter and found no evidence for ICS emission at the level expected from previous detections
even if the such emission is assumed to be very extended. More recently Fusco-Femiano et
al.(2011)332 attempted to reconcile the limits and detections obtained from different instru-
ments by carrying out a complex joint model-analysis based on the temperature and density
profiles, derived from XMM-Newton and ROSAT data, and on the BeppoSAX data. So far,
additional candidate clusters for ICS emission are the Ophiucus cluster333 (but see334) and
the Bullet cluster.335, 336 Other few cases where a detection of hard X-ray excess emis-
sion has been claimed are at low significance level.337–339 Based on that we would reach
the conservative conclusion that there is no compelling evidence for a detection of ICS
emission from any ICM with current instruments and that limits imply (averaged) fields
B≥ 0.1−0.3µG. Thus future observations are necessary to solve current controversies.
In the next years the detectors onboard of NuSTARx and ASTRO-H will improve the
sensitivity in the hard X-ray band by more than one order of magnitude with respect to the
current facilities.
From eq. 32, clusters hosting bright radio halos, with fluxes at Jy level at 1 GHz (such as
Coma, Perseus, A2319), should have ICS fluxes integrated in the band 20-80 keV of several
×10−13erg/s/cm2, if we assume an average magnetic field' 1µG in the halo region. Coma
is a relevant example. Current analysis of the Coma cluster using RM205 favor a value
' 2µG for the magnetic field averaged on Mpc3-volume. This implies an expected ICS
flux ∼ 2× 10−13erg/s/cm2 in the 20-80 keV band measured on an aperture radius = 35
arcmin, if we adopt the radio flux of the halo measured on the same aperture radius266 and a
synchrotron spectral index α = 1.25. Such a flux distributed on a 35 arcmin aperture-radius
is probably difficult to detect with ASTRO-H. However, even a relatively small departure
from that magnetic field value, say a factor 2 lower, may be sufficient to lead to a detection.
In fact, the important point here is that even the non detection of nearby clusters hosting
bright radio halos in the hard X-rays at the sensitivity level of the ASTRO-H telescope
would be a result, providing very meaningful constraints on the magnetic field strength in
these systems.
Similar considerations apply for clusters with giant radio relics. Some clusters host bright
relics, with fluxes at Jy level at 1 GHz (A2256, A3367), and should produce ICS fluxes in
the hard X-rays of several ×10−13erg/s/cm2, provided that the average magnetic fied in the
relic region is ' 1µG. On one hand radio relics cover an aperture angle that is smaller than
giant radio halos and have peripheral locations, making their detection in the hard X-rays
less problematic. On the other hand, however, relics are associated with shock compression
xhttp://www.nustar.caltech.edu/ , was launched in 2012 and first results on the Bullet cluster are in prepara-
tion340
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regions (Sect. 4.4) where the average magnetic fields is presumebly larger than that (aver-
aged) in the region of giant halos, thus reducing the expected ICS flux. A textbook example
is the relic A3667-NW, the brightest giant radio relic. Suzaku observations put a limit to
the cluster ICS hard X-ray emission of about 5×10−12erg/s/cm2.306, 341 Deeper limits have
been obtained in the X-rays with Suzaku XIS and XMM-Newton, taking advantage of the
peripheral location of the relic where thermal cluster’s emission is fainter.306, 341, 342 These
constraints imply B≥ 2−3µG if the power law spectrum measured in radio (correspond-
ing to the energies of ICS emitting CRe in the hard X-rays, eq. 30-31) is extrapolated
at energies about 10 times smaller (producing ICS at keVs). Constraints become signifi-
cantly shallower in the case that the spectrum of CRe in the relic-downstream flattens at
lower energies, e.g.341 We note that such a flattening might result from the fact that the
life-time of CRe producing ICS photons at keV energies becomes comparable to the shock
life-time, implying that their spectrum gradually approaches the injection spectrum (with
slope ∼ δin j, see Sect. 2.2.1). The future ASTRO-H or NuSTAR observations will over-
come these uncertainties. From eq. 32 and assuming the spectrum and flux of the radio
relic, α = 1.1 and 3.7 mJy at 1.4 GHz,343 we obtain an expected ICS flux in the 10-40
keV band ' 2.5×10−13/(BµG/3)2.1erg/s/cm2. We note that B∼ 3−5µG is derived from
Faraday RM in the relic region.343
As a general conclusion, however, it is worth stressing that, unless the magnetic field
strength in galaxy clusters is much smaller than that constrained from Faraday rotation
measurements, future telescopes with 10 times more effective area than ASTRO-H are
needed to explore non-thermal electron emission from galaxy clusters in the hard X-rays.
5.2. Gamma ray emission
The initial motivation for the interest in the γ-ray emission from clusters arose from the
possibility of significant CRp confinement in the ICM (Sect. 2).17, 19, 344 As already dis-
cussed, a natural byproduct of CR confinement is the emission of γ radiation from both the
decay of secondary pi0 and the ICS of CMB photons by high energy secondary CRe (Sect.
2.3). The latter channel becomes sub-dominant when integrated over a cluster at energies
>100 MeV96, 206 (Figure 19, left, for an example of the expected γ-ray spectrum).
After the first pionereing theoretical attempts11, 12, 16, 17, 22, 96, 344, 345 in the last decade
numerical simulations allowed useful estimates of the expected γ–ray emission from galaxy
clusters, under different assumptions. These simulations, that include some models for CR
physics and the acceleration of CRs at cosmological shocks provided a picture of the radio
to γ–ray properties of galaxy clusters. The first simulations of this kind predicted that clus-
ters would be potentially detectable in γ-rays with the Fermi-LAT telescope83, 206, 207 (Fig-
ure 19). The most important assumption in these simulations is in the efficiency of particle
acceleration at weak shocks that, as explained in Sect. 2.2, is, however, poorly known. Sub-
sequent simulation studies have attempted to reconcile expectations with the limits from
18 months observations with Fermi-LAT and from Cherenkov telescopes observations of
the Perseus cluster.198, 202, 209 However the most recent limits, that are derived using almost
5 years of Fermi-LAT data and stacking procedures, are definitely inconsistent with the
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Fig. 19. Left panel: the γ-ray spectrum of the Coma cluster obtained by assuming that the radio halo is due
to secondary CRe generated by CRp-p collisions in the ICM (adapted from206). Calculations account for the
pi0-decay and ICS of CMB photons by secondary pairs and are obtained assuming an average magnetic field
= 0.15 and = 0.5µG. The dashed line is the contribution from ICS of primary CRe accelerated at strong shocks
in the cluster outskirts. Expectations are compared to the sensitivities of several high energy instruments. Right
panel: the expected number counts of galaxy clusters in the γ-rays from simulations by207 (adapted from207). The
reference range of sensitivity of Fermi-LAT observations is reported as a yellow area.
predictions of these simulations.32, 33 That outcome may imply that the models of particle
acceleration adopted in these simulations were too optimistic, in which case current limits
can be used to constrain the acceleration efficiency. For example, by assuming the CRp
spectral slope and spatial distribution that are predicted by simulations in,202 Ackermann et
al. (2013)32 and Zandanel & Ando (2013)201 derived limits on the maximum efficiency of
shock acceleration in the ICM which refers to the case of strong shocks, ηCRp ≤ 0.15. Al-
ternatively one may speculate that the spatial distribution of CRp is much broader than that
expected from these simulations and also than that of the thermal ICM. That would also
indicate that the diffusion/transport of CRp with energy <TeV is fairly efficient, putting
meaningful constraints on the physics discussed in Sect. 3.2.
In reality, the microphysics of the ICM and of CRs in galaxy clusters is very compli-
cated and, unfortunately, well beyond the capabilities of current simulations (Sects. 2.2,
3.2). A way to circumvent these difficulties for now is to derive expectations by anchor-
ing model parameters to the properties of the diffuse synchrotron emission in the form of
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Fig. 20. Left panel: the synchrotron spectrum of the Coma radio halo (data-points) is compared with expec-
tations based on turbulent reacceleration of secondary particles (tick-solid lines) (adapted from172). Dotted-lines
show the time-evolution of the emission that is produced during different stages of the mergers. The dashed line
shows the expected emission for a non-turbulent relaxed system that is powered via pure-hadronic cascades (see172
for details). Right panel: the high-energy (ICS and pi0 decay) emission of the Coma cluster compared with current
limits (blue is the Fermi-LAT limit based on about 4 years of data32). The style of the lines is the same of the left
panel (adapted from172). In all models/calculations the magnetic field is fixed to the value and radial profile that
are favoured by current RM analysis.205 The bump in both the radio and hard X-ray spectra is produced by the
combined effect of turbulent reacceleration and radiative losses on the CRe spectrum.
radio halos in nearby clusters34, 260, 262, 344 (Sect. 4.2, 4.3). Potentially this also allows one
to put combined constraints on both the origin of diffuse cluster-scale emission (such as
radio halos) and on the expected high energy emissions from the hosting clusters. In Sect.
4.2 we have already discussed that, at least in a few observed cases, the combination of
radio-halo properties and of the Fermi-LAT upper limits disfavor a purely hadronic origin
of these radio sources. That limits the role played by secondaries for the origin of the ob-
served radio emission and, consequently, also the expected γ-ray luminosity generated by
CRp-p collisions. In particular for the Coma cluster, where the most stringent constraints
have been derived using the properties of the radio halo at lower frequencies, Fermi-LAT
upper limits imply a magnetic energy density in the cluster that is much larger than that
constrained by Faraday rotation measures.262
Based on that, one way to obtain meaningful expectations of the level of γ-rays from galaxy
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clusters expected because of the existence of radio halos is provided by joint modelings of
the production of secondary particles and of the re-acceleration of these secondaries (and
of the primary CRp) due to MHD turbulence in the ICM.177 Our ability to apply turbulent
re-acceleration to refine the picture based on CRp confinement and injection of secondaries
in the ICM is limited primarily by our limited understanding of ICM turbulence, its origins,
evolution distribution and spectral properties, especially on scales where resonant interac-
tion with CR take place (Sect. 2.2.2). Pioneering calculations in this direction have been
recently developed in172 assuming that compressible MHD turbulence, generated in galaxy
clusters at large scales during cluster-cluster mergers, cascades to smaller scales and also
assuming that a pre-existing population of long-living CRp is mixed with the ICM. These
calculations allow one to model the temporal evolution of the non-thermal emission from
galaxy clusters, from radio (radio halos) to γ-rays, and to connect the evolution with clus-
ter merger histories (Figure 20). These calculations show that radio halos and cluster-scale
ICS emission are generated in a turbulent ICM (presumably in merging systems), while a
fainter long-living radio (and ICS) emission sustained by the process of continuous injec-
tion of high energy secondary CRe is expected to be common in clusters more generally.
The strength of this latter, persistent component is proportional to the energy density of the
primary CRp in the ICM and, in the context of these modelings, it can be constrained by
the upper limits to the cluster-scale radio emission in galaxy clusters without radio halos
(Fig. 12, Sect. 4.2). Contrary to the transient nature of giant radio halos and hard X-ray
emission in galaxy clusters, γ-ray emission is expected to be common at a moderate level
in all clusters and not directly correlated with the presence of the currently observed giant
radio halos. Since the CRp population of a cluster reflects its integrated history (assuming
CRp do not escape) there should be a moderate range in γ-ray luminosities, e.g.23 We note
that expectations of γ-ray emission (from pi0 decay and ICS from secondaries) according
to these calculations are optimistic, because they are still based on a secondary origin of
the seed electrons to re-accelerate. They can be used to constrain the minimum level of
γ-rays from galaxy clusters under the hypothesis that secondaries play an important role
for the origin of halos, being the only seed electrons to re-accelerate in the ICM. Figure 20
shows that the expected level of γ–ray emission from a Coma–like cluster is at a level few
times below present Fermi-LAT limits. Note that expectations in Fig. 20 are obtained by
assuming the magnetic field in the Coma cluster that is favored by current analysis of Fara-
day RM, namely a central magnetic field B = 4.6µG and a radial decline of the magnetic
energy with the thermal energy density.205 A lower value of the field would imply a larger
γ-ray luminosity (eq. 26).
In general the population of CRe in the ICM is a mix of re-accelerated primaries and of
locally injected secondaries. The γ-ray luminosity should roughly scale with the ratio of
secondaries to primary CRe, because primary CRe (re)accelerated in Mpc-scale turbulent
regions cannot produce γ-rays (as explained in Sect. 2.2.2, their maximum energy does not
exceed significantly about a few times 10 GeV). Consequently if the secondary particles
play a minor role and radio halos are powered by primary CRe the expected γ-ray luminos-
ity is much smaller than that in Figure 20. For this reason future γ-ray observations with
a sensitivity level few times better than current ones, using 10 years of Fermi-LAT data
January 30, 2014 1:23 WSPC/INSTRUCTION FILE Review
Cosmic rays & nonthermal emission in galaxy clusters 59
or with the Cerenkov Telescope Array (CTA), are extremely important as they will defi-
nitely clarify the role of CRp and their secondaries for the origin of non-thermal emission
in galaxy clusters.
Fig. 21. Upper panels (adapted from202): γ-ray emission from a simulated cluster due to pi0-decay (left panel)
and due to the combined ICS of CMB photons from shock-accelerated (primary) CRe and secondary CRe (right
panel). Bottom panels (adapted from346): γ-ray emission from a simulated cluster due to shock-accelerated (pri-
mary) CRe (left panel), and projected matter density distribution in a simulated box containing that cluster (right
panel); the square-region in the right-panel highlights the region shown in the left panel.
Primary CRe can be accelerated at cosmological shocks up to energies of tens
of TeV (Sect 2.2.1), and the resulting ICS emission extends to multi-TeV ener-
gies.11, 12, 25, 83, 96, 202, 346 There is agreement that the expected γ-ray spectrum of galaxy
clusters should be dominated by the decay of the neutral pions in the central clus-
ter regions and by ICS of primary CRe accelerated by strong shocks in cluster out-
skirts25, 83, 202, 347(Figs. 19, 21). The relative importance of the two mechanisms depends
on the ratio of the efficiency of acceleration of CRp and CRe at shocks (Sect. 2.2.1) and
on the dynamics/transport of CRp in the ICM (Sect. 3.2).206, 207, 347 Under the assumption
of CRp confinement and of “canonical” CRp/CRe ratios at shocks, the pi0 decay is the
dominant channel for the production of γ-rays from clusters.
Instead of the rather centrally concentrated γ-ray emission from pi0-decay, the ICS from
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primary CRe accelerated at strong shocks should appear very different, giving rise to a
spatially extended (rather flat) emission, potentially edge brightened, on scales comparable
to the cluster virial region (Figure 21). The ICS luminosity from CRe accelerated at the
strong shocks that surround clusters outskirts (assuming BIC >> B) is :
νoPICS(νo)∼ 1/2ρuV 3shηCReSclF−1 (α(M)) (33)
where F (α(M)) is of the order of few for strong (external) shocks that are of interest
for this discussion. Numerical simulations allow estimates of the shock-kinetic energy flux
across the cluster surface, 1/2ρuV 3shScl ∼ 1041−42erg/s (e.g., Fig. 3), implying that a lu-
minosity ≥ 1040erg/s, that might become detectable in nearby clusters with future γ-ray
observations, can be generated only provided that the acceleration of CRe at these shocks
is “unusually” efficient, about ηCRe ≥ 0.01. Although this is theoretically challenging and
also not supported by current observations of SNR (Sect. 2.2.1), we note that the possi-
bility of an efficient CRe (re-)acceleration at clusters shocks is also under discussion for
the origin of radio relics (see Sect. 4.4). Consequently data from 10 years of Fermi-LAT
observations will provide very important constraints.
Other mechanisms for the production of γ-rays in the ICM include non thermal
bremsstrahlung25, 96, 206 and ICS from pairs generated by Bethe-Heitler processes (photo-
pair and photo-pion production) due to the interaction between Ultra High Energy protons
(E ≥ 1018 eV) and photons of the CMB.348, 349 As discussed in Sect. 2.2.1, the acceleration
of these ultra high energy CRp in galaxy clusters is a theoretical challenge (Figure 5 for
an “optimistic” view). However if EeV CRp are present, the high energy electron-positron
pairs that are produced should radiate synchrotron and ICS emission peaking in the hard X-
ray and TeV energy bands, respectively,350, 351 where future observations with ASTRO-H
and CTA may obtain interesting constraints.
6. Concluding Remarks
The importance of non-thermal components in galaxy clusters is twofold. One point is that
they are complementary probes of the mechanisms that dissipate energy at micro-physical
scales; that is, especially the gravitational energy associated with the hierarchical sequence
of mergers and accretion of matter that lead to the formation of clusters and cosmic fil-
aments. The second is that non-thermal components, magnetic fields and CRs, actually
strongly affect the physics of the ICM and evolve somewhat distinctly from thermal plasma
components. Thus, they could also have a role in the evolution of clusters themselves.
In this review we have discussed the physics of CRs in galaxy clusters, including their
acceleration and transport in the ICM, and the most relevant observational milestones that
have provided relevant constraints on this physics. Finally, looking forward, we have placed
emphasis on what appear to be the most important prospects for the near future from radio
and high-energy observations.
As we have discussed in Sect. 3, the bulk of CR protons deposited within the cluster
volume would be magnetically confined there for cosmological times. Therefore, due to
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their long life-times they should accumulate at increasing levels over time as the cluster is
assembled. The amount of energy that is associated with these CRp depends on the effi-
ciency of particle acceleration mechanisms in the ICM. This has been discussed in Sect. 2.
CRs, and CR protons in particular, should be accelerated at shocks associated with cluster
formation and in turbulent regions. Galaxies within the cluster may also supply CRs by way
of supernovae and high energy outflows from supermassive black holes in their nuclei (that
is, AGNs). A notable and unavoidable consequence of CR proton acceleration and con-
finement in the ICM is γ-ray emission resulting from decay of neutral pions produced by
inelastic collisions involving CR protons and thermal protons (Sect. 2.3). For this reason γ-
ray observations are powerful tools to constrain the physics of acceleration and transport of
CRs in galaxy clusters. This has been discussed in Sects. 3.3 and 5.2. The non-detection of
galaxy clusters after almost 5 years of observations with the Fermi-LAT telescope is one of
the most relevant recent observational milestones in this field (Sect. 3.3). It contradicts sev-
eral optimistic expectations that had been developed from attempts to model CR production
in these environments. The failure, so far, to detect GeV - TeV γ-rays in any cluster gen-
erally limits the energy budget of CR protons in the central (Mpc-scale) regions of galaxy
clusters to the percent level of the thermal energy. However, this observed limit does not
yet imply that CRs are dynamically unimportant everywhere in the ICM, because CRs may
still be able to contribute significantly to the cluster energy budget in the outermost regions
of these systemsy. Most important, current γ-ray limits do not constrain the most significant
aspect of having CRs and magnetic fields in the ICM; that is, radical changes of the (micro-
)physics of the ICM that are potentially induced by these non-thermal components. Even
weak magnetic fields will control important transport processes within the ICM, including
viscosity and thermal and electrical conductivities. CRs can also play important roles in
damping turbulence as well as driving instabilities that influence the small-scale structure
of the cluster magnetic field.
Radio observations of synchrotron radiation from the ICM provide the most important
guide-lines for understanding the physics of CRs acceleration in galaxy clusters. This has
been discussed extensively in Sect. 4. Observations detect diffuse, steep spectrum, cluster-
scale synchrotron emission clearly associated with the ICM in the form of giant radio halos
and relics. One of the most significant observational milestones for galaxy clusters in the
last decade was the establishment of a connection between these giant radio sources and
cluster mergers. That connection provides a starting point to understand radio emission ori-
gins and, most important, to identify a theoretical link between CR acceleration/transport
in the ICM and the effects induced by cluster mergers on the physics of the ICM itself.
In this respect it is quite commonly accepted that giant radio halos trace turbulent regions
that form during mergers and where particles are trapped and accelerated/generated by
some mechanism (Sect. 4.2) and where magnetic fields are amplified. On the other hand,
giant radio relics are associated with cosmological shock waves where particles can be
accelerated from the upstream thermal particle pool reaccelerated from nonthermal par-
yFor a fixed ratio of CRp to thermal energy the luminosity of secondary γ-rays scales with the square of the
thermal gas density (eq. 16, 17).
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ticle populations somehow resident in the inflowing plasma (Sect. 4.4). In Sect. 4.3 we
have also discussed the case or radio-mini halos. These diffuse radio sources are found
in relaxed, cool-core clusters and have a size comparable to that of the cool-core region,
so substantially smaller than the giant halos. The fact that mini-halos are always found in
dynamically relaxed systems suggests that situations other than cluster mergers can also
drain energy “in situ” into CRs and, probably, magnetic fields. Yet, as we have discussed
in Sect. 4.3, whether or not the underlying physical mechanisms that accelerate the CRe in
mini halos differ substantially from the analogous mechanisms in giant radio halos is still
unclear.
6.1. Radio Emission
The challenges to explain the origin of radio halos and relics triggered a lively debate in the
literature. Although fundamental steps have been successfully obtained in the last years,
several important aspects of the physics of these sources are still unclear. The most relevant
observational and theoretical breakthroughs have been summarised in Sect. 4 along with
the future observational prospects in the field.
As motivated in Sect. 4.2, a promising model for giant radio halos is based on the
hypothesis that CRs are re-accelerated by turbulence generated in the ICM during cluster
mergers. Turbulence will not accelerate CR electrons directly out of the thermal electron
population; some other injection sources are needed. Such seed electrons probably come
in various proportions from large scale shocks within the ICM, from energetic phenomena
associated with individual galaxies and as secondary e± also produced in CRp− p colli-
sions. The last of these contributors has received much attention. In fact direct secondary
CRe generation without any re-acceleration was also proposed by itself to explain giant
radio halos. Indeed one of the most relevant theoretical discussions for the origin of giant
radio halos is the role of these secondary particles. One way to constrain the importance
of these secondaries starts from the Fermi-LAT limits to γ-ray emission. This is especially
meaningful when combined with radio frequency information in nearby clusters hosting
radio halos. In particular deep radio observations allow detection of the radio emission in
these clusters up to their largest spatial scales and provide constraints on the spectrum of
radio halos. These studies appear to challenge the classical, pure secondary injection model
for radio halos.
A unique and clear expectation of radio halo models based on turbulent acceleration is
the existence of a large population of radio halos with very steep spectra. This prediction
reflects the intrinsic difficulties of the mechanisms of stochastic acceleration by turbulence
in accelerating CRe to very high energies, and suggests that clusters with weaker turbulence
will produce steeper radio spectra. In the next few years the LOFAR radio telescope will
survey the northern sky at (as yet) unexplored low radio frequencies, thus allowing to unveil
a large number of these sources if they exist.
Giant, peripheral radio relics have recently attracted much attention. This has been
discussed in Sect. 4.4. There is general agreement on the fact that radio relics originate at
shocks waves that cross galaxy clusters during mergers. A shock connection is motivated by
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strong arguments, including their morphology, polarization and spectral properties, but also
by the observed spatial coincidence between radio relics and shocks found in some cases by
X-ray observations. On the other hand, theory and X-ray observations agree on the fact that
merger shocks are relatively weak, with Mach numbers less than a few. Significantly, they
are much weaker than shocks in supernova remnants, where efficient CRs acceleration is
proved and strong magnetic field amplification is strongly suggested. There are very good
reasons to expect particle acceleration to be much less efficient in weak shocks. So, these
processes, that are so important in SNR shocks, should be much less effective in cluster
merger shocks and, so long as the accelerated population is locally injected at low energies,
lead to a rather steep spectrum compared to those seen in some relics. In this respect radio
relics are “unique laboratories” to study the acceleration of particles at large-scale, weak
shocks in high-beta plasma environments. While first order, diffusive shock acceleration
(DSA) at these shocks is the apparent candidate to explain the CR electron population seen
in relics, there are fundamental concerns about the detailed, micro-physical mechanisms.
In fact the most relevant concern is whether shocks in galaxy clusters are efficient enough
to accelerate the emitting CRe from the thermal pool to observed multi-GeV energies. As
discussed in Sect. 4.4 this appears not to be the case. Although the classical model of
DSA for locally injected CR electrons could account for properties of some relics, such a
model is challenged by energy arguments combined with simulations of CR acceleration at
weak shocks. This is especially a concern in the case of the most powerful relics and those
with relatively flat spectra giant radio relics (we note that very steep spectra of giant relics
also challenge the classical DSA model due to associated energy arguments). A natural
candidate-mechanism is the re-acceleration of pre-existing CRe at these shocks, provided
there is a scenario that produces them in sufficient numbers and maintains a sufficiently
flat spectrum upstream of the shock. DSA is more efficient at extracting shock energy in
this situation and does not constrain the spectrum of the downstream CR population to the
“classical DSA” value if the CR population entering the shock has a flatter spectrum than
this. Radio relics pin-point the (re)acceleration of CRe at shocks in the ICM. However,
what about CRp ? As discussed in Sect. 2, shock acceleration is generally expected to be
more efficient for CRp acceleration rather than for CRe. In this respect a consequence of
current models of radio relics is the likely acceleration of a substantial population of CRp
in galaxy clusters. That, however, is strongly constrained by current luminosity limits in γ-
rays. Consequently we can expect in the coming years the combination of radio and γ-ray
observations to provide interesting constraints on the physics of (re-)acceleration of CRs at
clusters shocks and on the ratio CRp/CRe at these shocks.
6.2. High Energy Emission
High energy emission from galaxy clusters has been discussed in Sect. 5. Galaxy clusters
should be high energy sources. This is not only due to theoretical arguments based on
acceleration and confinement of CRs in these systems, but it is unavoidably expected at som
elevel from the existence of the high energy CRe that produce the synchrotron radiation
observed in the radio band.
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In particular hard X-ray emission is expected from ICS of the CMB photons by essen-
tially the same CRe that produce synchrotron radiation in the radio band. In this case the
expected ICS luminosity depends on the magnetic field strength in the ICM. As a conser-
vative summary in Sect. 5.1 we stated that no ICS emission is convincingly detected in the
hard X-ray band, implying a lower limit to the cluster magnetic field of about 0.1-0.3 µG
in the cases of several nearby clusters hosting radio halos. These limits are substantially
smaller than the current estimates of the magnetic field strength based on Faraday RM.
Consequently the expected ICS emission could very well be much smaller and well below
current observational capabilities.
Gamma-ray emission from galaxy clusters is discussed in Sect. 5.2 (and Sect. 3.3). These
emissions are mainly expected from the combination of pi0-decay from CRp-p collisions
and ICS from primary CRe. The former mechanism should dominate in cluster central
regions, while the latter one could be the most important mechanism in cluster outskirts.
The γ-ray luminosity of galaxy clusters and the expected ratio between pi0-decay and ICS
components are uncertain, as a consequence of our poor understanding of several aspects of
the CRs acceleration and transport processes in the ICM. These mechanisms are, however,
strongly connected with the physics of the observed radio sources. For this reason multi-
frequency modelings and the combination of observations at both radio frequencies and
high-energies have allowed derivation of important constraints on the origin of halos and
relics, and also meaningful expectations for the resulting high energy emission from galaxy
clusters. This has been extensively discussed in Sect. 5.2.
Another important point that has been discussed in this review is the maximum energy
of CRs that can be achieved in galaxy clusters. This has been discussed to some extent in
Sect. 2 where we focus on CRe and CRp; we do not study the case of nuclei. Of course,
this is still very uncertain. Based on current understanding of CRs acceleration and trans-
port/confinement in galaxy clusters it is possible to conclude that CRe can be accelerated
to multi-TeV energies, while CRp might also reach EeV energies. In particular the possi-
bility to accelerate EeV protons in the ICM is very appealing. As we mention in Sect. 5.2,
one possible way to unveil these particles, if they exist in galaxy clusters, is to detect the
synchrotron hard X-rays and ICS γ-rays (TeV) that are emitted by the secondary pairs that
are produced through the interaction of these EeV CRp with the CMB photons.
6.3. The Future
The next decade represents a “golden age” for studies of non-thermal components in galaxy
clusters. This is one of the reasons that motivated us to write a review at this time.
This expectation is especially true in radioastronomy, thanks to a new generation of ra-
dio telescopes, such as LOFAR and the SKA pathfinders/precursors (ASKAP, MeerKAT,
MWA, LWA). They will enter into unexplored territories, reaching unprecedented sensi-
tivities to cluster scale emission over a broad frequency range. These telescopes will also
allow polarization and Faraday Rotation studies of background and cluster radio sources
with unprecedented statistics, frequency and dynamic range, probing cluster scale magnetic
fields. As we briefly discussed in Sect. 4.1 (and Sect. 4.2-4.4), magnetic field properties and
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the polarization of diffuse cluster-scale sources are indeed central ingredients also for our
understanding of CRs acceleration and transport in the ICM.
One of the most notable examples of new, expected information is the spectrum of halos and
relics. As discussed in Sect. 4, the spectrum of these sources provide crucial information
for the origin of the emitting CRe. However, current observations allow derivation of high
quality spectra only for a few cases. Most important, spectra are typically measured in a
limited frequency range νmax/νmin ≤ 10 that probes the energy spectra of the emitting CRe
over a very narrow energy range. The combination of LOFAR with JVLA observations
(potentially also in combination with data from single dish radio telescopes) will allow
spatially resolved and accurate measurements of halo and relic spectra over a frequency
range 10 times bigger. That extension will open the possibility of deriving meaningful
constraints of the CRe energy distributions and their spatial evolution/variation.
As discussed in Sect. 4, the surveys planned with the next generation of radio telescopes
have the potential to probe the formation and evolution of cluster scale radio sources along
with the evolution of the hosting clusters themselves. The apparent connection between
halos and mergers suggests that these sources are valuable probes of the clusters merging
history throughout the cosmic epochs. In this respect combined X-ray – radio and SZ –
radio statistical studies of the occurrence of radio halos in clusters will provide unique
information on the origin of non-thermal components and on their connection with the
clusters thermal properties. In this respect LOFAR surveys will be of great interest, as they
will probe an unexplored frequency range where current models predict the existence of
cluster-scale radio emission with very steep spectrum.
In our review we also stressed that presumably current observations detect only the tip of
the iceberg of the non-thermal radio emission from the Cosmic Web. In this respect, what
is still unseen is the most attractive science case of the new generation of radio telescopes.
In principle, according to the current theoretical picture, one may speculate that halos and
relics pin-point only the regions where CRe acceleration is most efficient. Fainter syn-
chrotron emission might be much more common and it may extend to scales even larger,
thus tracing the complex pattern of shocks and turbulence that embed clusters and fila-
ments. Unfortunately, our current ignorance of plasma-physics in these environments does
not yet allow physically solid attempts to establish whether the SKA and its pathfinders
will be able to detect these signals.
The future is bright also at high photon energies. First of all the hard X-ray telescopes
NuSTAR and ASTRO-H will shortly derive constraints on the presence of non-thermal
excess emission in galaxy clusters at a level that is about 10 times fainter than current
studies. As discussed in Sect. 5.1 the detection of ICS emission from the brightest halos
and relics is only possible if the magnetic field is substantially smaller, at least a factor 2-3,
than that estimated from current RM analysis. However, even the non detection of nearby
clusters hosting bright radio halos and relics at the sensitivity level of these telescopes
would be a valuable result, providing very meaningful constraints on the magnetic field
strength in these systems.
However, one of the most desired results from ASTRO-H is the first measure, from the
study of metal lines, of turbulent motions in the ICM. This has been mentioned in Sects.
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2 and 4. Turbulence is a fundamental ingredient for current theoretical scenario, not only
because it is important for the acceleration and transport of CRs, but also because it is
expected to strongly affect the micro-physics of the ICM. In this respect we also mention
that a gigantic step forward represented by measured turbulent motions in galaxy clusters is
a central science case of X-ray telescopes with much better spectral resolution and effective
area, such as Athena+, that may be launched in about 15 years.
Current constraints from γ-ray observations allowed a gigantic step in our understanding
of the CRs content in galaxy clusters. This has been discussed in Sects. 3.3, 4 and 5 also in
the context of the impact of these constraints on models of giant halos and relics, and mini-
radio halos. Better constraints are expected from future and ongoing observations with the
Fermi-LAT and from observations with the next generation of Cherenkov telescopes, such
as the CTA. As discussed in Sect. 5 these observations will allow derivation of fundamental
constraints on the physics of CRe/CRp acceleration and transport in the ICM, and on the
role played by secondary particles in the origin of giant and mini-radio halos.
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